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Introduction: 


The  goal  is  to  develop  novel  vectors  for  therapy  of  prostate  tumors  based  on  vesicular  stomatitis 
virus  (VSV).  VSV  kills  many  tumor  cells  more  effectively  than  normal  cells,  due  in  part  to 
defects  in  the  antiviral  response  in  tumor  cells.  The  novelty  in  our  approach  is  our  ability  to 
enhance  the  selectivity  of  killing  of  tumor  cells  versus  normal  cells  by  manipulating  the  viral 
genes  that  control  the  antiviral  interferon  response.  Aim  1  is  to  identify  mutations  in  VSV  genes 
that  enhance  the  differential  killing  of  prostate  tumor  cells  versus  normal  cells.  Aim  2  is  to 
identify  VSV  mutants  that  enhance  the  antiviral  interferon  response  in  prostate  cells.  Aim  3  is  to 
determine  whether  VSV  mutants  have  greater  efficacy  and  safety  than  wild-type  VSV  in 
reducing  prostate  tumors  in  nude  mice.  In  this  reporting  period,  we  have  largely  completed  the 
experiments  in  Aims  1  and  2  for  normal  prostate  cells  and  the  tumor  cells  (LNCaP  and  PC-3), 
and  have  identified  several  mutant  viruses  with  the  desired  properties.  In  addition,  we  have 
preliminary  data  on  Aim  3,  indicating  that  one  of  the  mutant  viruses  is  an  effective,  and  safer 
vector  for  treating  LNCaP  tumors  in  nude  mice. 

Body: 

Aim  1:  To  identify  mutations  in  VSV  genes  t_hat  enhance  the  differential  killing  of  prostate  tumor 
cells  versus  normal  cells. 

Task  1:  Determine  rate  of  induction  of  apoptosis  in  tumor  cells  versus  normal  cells  by  time-lapse 
video  microscopy  (months  1-9) 

a.  Establish  secondary  cultures  of  prostate  tumor  cells  and  normal  prostatic  epithelial  cells 
from  two  different  patients.  Tumor  cell  lines  LNCaP  and  PC3  will  be  continuously 
maintained  throughout  the  project. 

b.  Infect  cells  and  collect  video  microscopy  data  from  infection  of  six  different  cell  cultures 
(normal  and  tumor  cells  from  two  different  patients,  LNCaP  cells,  PC3  cells)  with  four 
different  viruses  (two  wild-type  and  three  mutant  VSV  strains). 

c.  Repeat  experiments  3-5  times  until  statistical  significance  of  differences  in  the  results  can 
be  established. 

Accomplishments  for  task  1: 

These  experiments  were  done  to  show  which  mutations  enhance  differential  killing  of  tumor 
versus  normal  cells  by  VSV.  Wt  VSV  strains  (wtO  and  rwt)  and  M  gene  mutant  viruses 
(rM51R-M,  rl026-M,  and  ts082)  were  tested  for  their  ability  to  induce  cell  death  in  two  prostate 
tumor  cell  lines  as  well  as  secondary  cultures  of  normal  prostatic  epithelial  cells  from  patients. 
The  M  gene  mutant  viruses  contain  the  same  M51R  mutation  in  their  M  genes,  but  in  different 
strain  backgrounds  of  VSV.  Cell  death  was  determined  by  time-lapse  video  microscopy  and  by 
activation  of  caspase  3. 

Before  these  experiments  were  carried  out,  the  efficiency  of  VSV  infection  in  prostate  and 
normal  cells  was  measured  by  determining  the  viral  G  protein  surface  expression  in  infected 
cells.  Prostate  tumor  cell  lines  (LNCaP  and  PC-3)  and  normal  secondary  prostatic  cultures  were 
infected  with  wt  and  mutant  viruses  at  a  multiplicity  of  lOpfu/cell,  so  that  nearly  100%  of  cells 
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were  infected.  At  4  and  8  hr  post-infection,  cells  were  fixed  and  incubated  with  the  antibody  to 
the  G  surface  glycoprotein  of  VSV  and  a  secondary  antibody  conjugated  to  FITC.  Cells  were 
collected  and  subjected  to  flow  cytometry. 


A 

c  100 


Figure  1:  G  protein  surface  expression  in  secondary  normal  prostate  cells  (A),  PC-3  cells  (B) 
and  LNCaP  cells  (C). 


Results  from  the  G  protein  surface  expression  experiment  indicate  that  normal  prostate  cells  are 
sensitive  to  infection  by  VSV  since  greater  than  50%  of  cells  expressed  G  protein  on  their 
surface  (fig.  1  A).  When  normal  prostatic  epithelial  cells  from  another  patient  were  tested,  results 
similar  to  those  shown  in  figure  1A  were  obtained  (data  not  shown).  Data  also  indicated  that  by 
8  hr  post-infection,  greater  than  95%  of  LNCaP  cells  were  infected  with  VSV.  Furthermore, 
there  was  little  difference  between  the  ability  of  wt  and  mutant  viruses  at  infecting  both  these  cell 
types.  However,  in  contrast,  PC-3  cells  were  relatively  resistant  to  infection  by  VSV  as  indicated 
by  the  lower  levels  of  G  protein  labeled  on  the  surface  of  these  cells  as  compared  to  normal 
prostate  cells  and  LNCaP  tumor  cells.  These  data  indicate  that  although  LNCaP  and  PC-3  cells 
are  both  derived  from  prostate  tumors,  they  exhibit  differences  in  their  ability  to  support  a  VSV 
infection.  In  addition,  although  there  was  some  variability  in  the  G  protein  surface  expression  of 
wt  versus  mutant  viruses  in  normal  prostate  cells  and  PC-3  cells,  there  was  no  apparent 
difference  based  on  the  M  protein  mutations  found  in  the  mutant  viruses  (ts082,  rM51R,  and 
rl026). 


To  determine  the  ability  of  wt  and  mutant  viruses  to  kill  normal  and  prostate  tumor  cells,  time- 
lapse  microscopy  was  carried  out.  Prostate  tumor  cell  lines  (LNCaP  and  PC-3)  and  normal 
prostatic  cells  (secondary  cultures  from  patients)  were  infected  with  wt  and  mutant  (rM51R, 
ts082,  and  rl026)  viruses  at  a  multiplicity  of  lOpfu/cell,  so  that  nearly  100%  of  cells  were 
infected.  At  30min  post  infection,  cells  were  subjected  to  time-lapse  microscopy  to  observe  the 
timing  of  the  morphological  changes  characteristic  of  apoptosis.  The  time  of  onset  of  an  early 
morphological  change  associated  with  apoptosis  (membrane  blebbing)  was  determined  from  the 
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timer  on  the  videotape  for  each  of  50-100  cells,  and  the  cumulative  percentage  of  cells  entering 
apoptosis  was  plotted  as  a  function  of  time  postinfection  for  comparison  among  different 
experiments.  An  advantage  of  this  technique  is  that  multiple  morphological  changes  could  be 
analyzed,  so  that  if  the  pattern  of  morphological  changes  differed  between  tumor  and  normal 
cells,  this  would  be  apparent  in  these  studies.  Also,  in  the  unlikely  event  that  cells  died  by  a 
necrotic  mechanism  rather  than  apoptosis,  this  would  also  become  apparent.  Data  is  shown  in 
Figure  2. 


A.  Normal  prostate  cells 


^  N<6  q*  o£>  r£>  £> 

time  (hr) 


B.  PC-3  cells 


time  (hr) 


Figure  2:  Time-lapse  microscopy  to  determine  the  percentage  of  cells  entering  apoptosis  in 
normal  (A),  PC-3  (B)  and  LNCaP  (C)  cells  infected  with  wt  and  mutant  VSV. 


Our  results  from  the  time-lapse  microscopy  analysis  indicate  that  that  LNCaP  cells  (fig  2C)  are 
extremely  sensitive  to  killing  by  both  wt  and  mutant  viruses.  By  24  hr  post-infection,  each  of  the 
viruses  effectively  killed  close  to  100%  of  cells.  However,  although  PC-3  cells  show  some 
variability  depending  on  the  virus  (fig  2B),  they  are  relatively  resistant  to  killing  as  compared  to 
LNCaP  cells.  Furthermore,  normal  prostate  cells  show  a  phenotype  that  is  intermediate  between 
that  of  LNCaP  and  PC-3  cells.  These  results  also  reflect  the  differences  in  the  ability  of  VSV  to 
infect  these  cells  (figure  1).  In  addition,  from  the  LNCaP  data,  we  can  conclude  that  M  protein 
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mutant  viruses  effectively  induce  apoptosis  in  tumor  cells. 

Task  2:  Determine  the  activation  of  caspase  3  in  tumor  cells  versus  normal  cells  infected  with 
wild-type  and  mutant  strains  ofVSV  (months  3-12). 

a.  Infect  cells  for  varying  periods  of  time  and  prepare  cells  extracts  from  infection  of  six 
different  cultures  with  four  different  viruses  as  in  Task  1.  The  time  points  will  be  chosen 
based  on  the  time-lapse  data  obtained  in  Task  1. 

b.  Assay  caspase  3  activity  using  a  fluorogenic  substrate. 

c.  Repeat  experiments  3-5  times  until  statistical  significance  of  differences  in  the  results  can 
be  established. 

Accomplishments  for  task  2: 

To  further  determine  the  ability  of  wt  and  mutant  VSV  to  induce  apoptosis  in  normal  and 
prostate  cells,  caspase  3  activity  was  measured  at  different  times  post-infection  using  a 
fluorogenic  substrate  (DVED-AFC,  R&D  Systems,  Inc.)  in  figure  3.  Caspase  3  is  one  of  the 
"downstream"  or  "executioner"  caspases,  which  induce  many  of  the  morphological  changes 
associated  with  apoptosis.  This  would  also  provide  a  marker  for  quantitation  of  the  intracellular 
events  responsible  for  the  morphological  changes  observed  in  the  time-lapse  experiments. 

A.  normal  prostate  cells 
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B.  PC-3  Cells 
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C.  LNCaP  Cells 
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Figure  3:  Caspase  3  activity  in  normal  prostate  (A),  PC-3  (B)  and  LNCaP  (C)  cells  infected  with 
wt  and  mutant  viruses. 


Our  data  in  figure  3  indicate  that  caspase  3  is  activated  during  VSV  infection  in  LNCaP  cells  (fig 
3C).  However,  low  levels  of  caspase  3  are  activated  in  both  normal  prostate  cells  and  PC-3  cells 
infected  with  both  wt  and  mutant  viruses.  We  know  from  figure  2  that  normal  prostate  cells 
infected  with  VSV  undergo  morphological  changes  associated  with  apoptosis.  Therefore,  it  is 
possible  that  the  low  levels  of  active  caspase  3  in  these  cells  may  reflect  differences  in  apoptotic 
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pathways  between  cells.  Therefore,  to  confirm  the  ability  of  VSV  to  induce  apoptosis  in  infected 
normal  and  prostate  cells,  the  presence  of  apoptotic  cells  by  3’  end  labeling  of  fragmented  DNA 
(In  Situ  Cell  Death  Detection  Kit;  Roche  Diagnostics,  Indianapolis,  IN)  was  assessed  in  figure  4. 
This  assay  was  not  part  of  the  original  plan,  but  became  relevant  due  to  the  inability  to  correlate 
apoptosis  by  time-lapse  microscopy  to  activation  of  caspase  3  in  these  cells. 

A.  Normal  prostate  cells 

90  i - 1 


“  70  4 


C.  LNCaP  cells 


Figure  4:  TUNEL  labeling  to  determine  the  percentage  of  cells  undergoing  apoptosis  in  normal 
prostate  (A),  PC-3  (B)  and  LNCaP  (C)  cells  infected  with  wt  and  mutant  viruses. 

Results  from  the  TUNEL  assay  indicate,  as  seen  in  the  previous  assays  (figures  2  and  3),  that 
VSV  effectively  induces  apoptosis  measured  by  DNA  fragmentation  in  LNCaP  cells  (fig  4C).  In 
contrast,  PC-3  cells,  exhibit  low  amounts  of  apoptosis  when  infected  with  VSV  for  as  long  as  48 
hrs  (fig  4B).  Similar  to  the  previous  experiments,  normal  prostate  cells  show  an  intermediate 
phenotype.  Furthermore,  these  results  confirm  that  mutant  viruses  are  as  effective  as  wt  viruses 
at  inducing  cell  death  in  LNCaP  cells. 

Main  conclusions  from  Aim  1: 

1 .  LNCaP  and  PC-3  prostate  tumor  cells  are  differentially  susceptible  to  infection  by  wt  and 
mutant  viruses.  LNCaP  cells  are  extremely  sensitive  to  virus  infection  and  killing, 
whereas  PC-3  cells  are  relatively  resistant. 

2.  M  protein  mutant  viruses  are  as  effective  as  wt  viruses  at  inducing  apoptosis  in  LNCaP 
cells. 

3.  One  M  protein  mutant  virus  (rM51R)  was  identified  that  induced  apoptosis  in  prostate 
tumor  cells  more  effectively  than  the  other  M  protein  mutant  viruses  (see  time-lapse 
microscopy  results  for  PC-3  cells  and  TUNEL  results  for  LNCaP  assay). 


8 


Work  to  be  done  for  Aim  1: 


1.  We  would  like  to  establish  secondary  cultures  of  prostate  tumor  cells  and  determine  the 
ability  of  each  of  the  viruses  to  infect  and  kill  these  cells.  This  would  allow  us  to 
determine  which  cell  type  (LNCaP  or  PC-3),  most  closely  resembles  prostate  tumor  cells 
from  patients. 

2.  The  resistance  of  PC-3  cells  to  virus  infection  will  be  investigated  by  determining  the 
ability  of  viruses  to  replicate  in  these  cells  by  single  and  multi-step  growth  curve 
analysis.  Viral  protein  synthesis  will  also  be  determined  by  35S  labeling  of  viral  proteins. 

Aim  2:  To  identify  mutations,  in  VSV  genes  that  enhance,  the  antiviral  interferon  response  in 
normal  nrostatic  epithelial  cells  versus  prostate  tumor  cells. 

Task  3:  Determine  the  level  of  interferon  production  by  tumor  cells  versus  normal  cells  by  ELISA 
assay  (months  13-18). 

a.  Conduct  preliminary  experiments  by  stimulating  cells  with  poly  I:C  to  determine  whether 
the  cells  produce  alpha  or  beta  interferons  using  the  appropriate  ELISA  assay. 

b.  Infect  cells  and  collect  culture  supernatants  from  infection  of  six  different  cell  cultures 
(similar  to  Aim  1)  with  six  different  viruses  (the  same  four  viruses  used  in  Aim  1,  plus  an 
additional  interferon-inducing  mutant  and  its  corresponding  wild-type  strain).  Assay 
interferon  levels  by  ELISA  assay. 

c.  Repeat  experiments  3-5  times  until  statistical  significance  of  differences  in  the  results  can 
be  established. 

Accomplishments  for  task  3: 

A  main  goal  of  this  project  is  to  develop  viruses  that  are  safe  vectors  for  tumor  therapies.  Our 
hypothesis  is  that  M  protein  mutant  viruses  that  induce  interferon  would  be  safer  vectors  due  to 
their  ability  to  induce  an  effective  antiviral  response  in  normal  cells.  To  test  this  in  vitro ,  we 
determined  the  level  of  interferon  production  by  tumor  cells  versus  normal  cells  by  an  interferon 
bioassay.  Our  original  plan  was  to  determine  interferon  levels  by  an  ELISA  assay.  However,  in 
our  preliminary  studies,  the  ELISA  assay  was  not  sensitive  enough  to  distinguish  differences 
between  the  viruses.  Furthermore,  we  had  some  difficulty  and  delays  in  ordering  IFN-P  ELISA 
kits  from  manufacturers.  Therefore,  we  developed  and  interferon  bioassay  based  on  the  reduction 
of  VSV  cytopathic  effect  in  supernatants  collected  from  infected  cells.  Normal  prostate,  PC-3 
and  LNCaP  cells  were  infected  with  wt  and  mutant  viruses.  At  different  times  post-infection, 
aliquots  of  supernatant  were  tested  for  interferon  activity.  Results  are  shown  in  figure  5. 
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A.  Normal  prostate  cells 
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B.  PC-3  cells 


E12hr 
□  24hr 
■  36hr 


C.  LNCaP  cells 


□  6hr 
012hr 

□  24hr 
■  36hr 


Figure  5:  IFN  bioassay  to  determine  the  level  of  IFN  production  in  normal  prostate  cells  (A), 
PC-3  cells  (B),  and  LNCaP  cells  (C). 


These  results  clearly  show  that  interferon  activity  is  detected  in  each  of  these  cell  lines  infected 
with  the  M  protein  mutant  viruses  (ts082,  rM51R  and  rl026)  to  varying  degrees.  However, 
since  we  were  most  interested  in  enhancing  the  interferon  production  in  normal  prostate  cells, 
our  data  indicate  that  rM51R  mutant  is  the  most  effective  inducer  of  interferon.  Our  results  in 
PC-3  cells  have  recently  been  incorporated  into  a  manuscript,  which  has  been  accepted  for 
publication  ((1),  see  appendix). 

Task  4:  Determine  responsiveness  of  normal  versus  tumor  cells  to  exogenously  added  interferons 
(months  16-24) 

a.  Treat  cell  cultures  with  interferon  prior  to  infection  with  wild-type  or  mutant  strains  of 
VSV.  The  choice  of  interferons  to  use  in  these  experiments  will  be  based  on  the  results  of 
Task  3.  Six  different  cell  cultures  and  four  different  viruses  will  be  used  in  these  experiments, 
as  in  Task  1. 

b.  Collect  time  lapse  microscopy  data  to  determine  the  effect  of  interferon  treatment  on  cell 
killing  by  VSV. 

c.  Determine  virus  yields  from  treated  cultures  by  plaque  assays. 

d.  Repeat  experiments  3-5  times  until  statistical  significance  of  differences  in  the  results  can 
be  established. 


Accomplishments  for  task  4: 

A  main  premise  of  our  approach  is  that  tumor  cells  have  been  reported  to  be  defective  in  the 
interferon  pathway  and  are  unable  to  mount  an  effective  anti-viral  response  ((3)  (2)).  Therefore, 
VSV  should  be  able  to  kill  tumor  cells.  However,  since  it  is  highly  sensitive  to  the  effect  of 
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interferons,  the  virus  should  be  cleared  by  the  normal  surrounding  tissue,  which  can  effectively 
induce  an  anti-viral  response.  To  determine  the  responsiveness  of  our  tumor  cells  to  interferon, 
LNCaP  and  PC-3  cells  were  pre-treated  with  dilutions  of  type  I  interferon  for  16  hr.  PC-3  cells, 
which  are  more  resistant  to  killing  by  VSV,  were  then  infected  with  wtO  VS V  at  a  multiplicity  of 
50  pfu/ml.  Since  LNCaP  cells  are  highly  sensitive  to  VSV,  they  were  infected  at  a  multiplicity 
of  O.lpfu/ml.  At  the  indicated  time  post-infection,  live  cells  were  measured  by  a  MTT  assay 
(Cell  Proliferation  Kit  1;  Roche  Diagnostics,  Indianapolis,  IN)  for  cell  viability.  Our  original 
plan  was  to  determine  cell  killing  by  time-lapse  microscopy.  However,  due  to  the  high  number  of 
samples,  it  was  more  time  effective  to  determine  cell  viability  by  the  MTT  assay.  If  cells  are 
responsive  to  interferon,  they  should  be  more  sensitive  to  killing  by  the  virus  at  the  lower 
dilutions  of  interferon  pretreatment.  However,  if  cells  are  not  responsive  to  interferon,  then  there 
should  be  no  difference  in  cell  killing  regardless  of  the  concentration  of  interferon  added  to  the 
cells. 


A.  PC-3 


B. LNCaP 


Figure  6:  Responsiveness  of  PC-3  (A)  and  LNCaP  (B)  cells  to  IFN. 

In  PC-3  cells  (figure  6A),  there  is  a  titratable  decrease  in  cell  viability  with  decreasing 
concentrations  of  interferon  added  to  the  cells.  This  indicates  that  PC-3  cells  are  responsive  to 
interferon.  In  contrast,  VSV  effectively  killed  LNCaP  cells  at  all  concentrations  of  interferon 
(figure  6B),  indicating  that  these  cells  are  not  responsive  to  interferon. 
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Main  conclusions  from  Aim  2: 


1.  M  protein  mutant  viruses  induce  interferon  in  normal  prostate,  PC-3  and  LNCaP  cells, 
whereas  wt  viruses  do  not. 

2.  LNCaP  and  PC-3  cells  are  differentially  responsive  to  interferon.  LNCaP  cells,  similar  to 
many  tumor  cells,  are  not  responsive  to  interferon.  PC-3  cells  are  responsive  to 
interferon. 

3.  The  M  protein  mutant  virus,  rM51R,  induces  the  highest  levels  of  interferon  in  normal 
prostate  cells. 


Work  to  be  done  for  Aim  2: 

1.  Determine  the  responsiveness  of  secondary  cultures  of  normal  prostate  cells  and  prostate 
tumor  cells  to  interferon. 

Aim  3j  To  determine  whether  VSV  mutants  have  greater,  efficacy  and/or  safety,  than  wt  VSV_  in 
reducing  prostate  tumors  in  nude  mice. 

Task  5:  Establish  tumors  in  nude  mice  and  treat  tumors  with  wild-type  and  mutant  strains  of  VSV 
(months  25-27). 

a.  Inject  50  animals  each  with  LNCaP  or  PCS  cells  in  order  to  achieve  approximately  40 
tumor-bearing  animals  of  each  tumor  type  (100  animals  total,  80  final). 

b.  Inject  tumors  with  one  wild-type  strain  and  two  mutant  strains  of  VSV  or  inject  with 
culture  medium  as  a  negative  control  (10  mice  in  each  group).  Measure  tumor  size  and 
health  status  of  the  mice  daily.  Monitor  twice  daily  if  symptoms  of  VSV  infection  or  tumor 
burden  are  apparent. 

c.  Euthanize  mice  that  show  signs  of  end-stage  illness  and  harvest  tumors  and  tissues  for 
analysis. 

Accomplishments  for  task  5: 

The  M  protein  mutant  virus,  rM51R,  effectively  killed  LNCaP  cells  as  shown  in  Aim  1. 
Furthermore,  this  mutant  also  induced  the  highest  levels  of  interferon  in  normal  prostate  cells. 
Because  of  these  properties,  we  tested  the  effectiveness  of  the  rM51R  mutant  in  killing  prostate 
tumors  in  vivo  and  compared  it  to  its  rwt  parental  virus  in  a  preliminary  study.  Ten  B ALB/c  nude 
mice  (10  week  old)  were  injected  in  the  right  flank  with  LNCaP  cells  (1  x  106  cells)  in  200pl 
matrigel.  Tumor  volume  and  health  of  the  mice  was  measured  3x  weekly.  When  tumor  volume 
reached  between  500-700mm3,  the  tumor  was  injected  directly  with  either  rwt  or  rM51R  viruses 
(1  x  108  pfu).  In  this  initial  study,  only  70%  of  mice  developed  tumors  that  could  be  treated. 
Three  mice  were  treated  with  the  rwt  virus,  one  with  rM51R  and  three  were  mock  infected. 
Tumor  volume  was  measured  daily  after  treatment  and  data  were  plotted  in  figure  7. 
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mouse  3-C 


Figure  7:  rwt  and  rM5 1R  therapy  of  LNCaP  tumors  in  nude  mice. 

Results  indicated  that  all  mice  that  were  mock  treated  showed  unabated  growth  of  tumors.  Mice 
were  sacrificed  at  the  indicated  times  due  to  excessive  tumor  burden.  In  mice  that  were  treated 
with  the  rwt  virus,  there  was  tumor  regression,  with  complete  tumor  clearance  in  the  case  of 
mouse  10.  The  other  mice  (4  and  8),  succumbed  to  VSV  infection  at  different  times.  The  tumor 
treated  with  the  rM51R  virus  also  showed  complete  regression  and  the  mouse  remained  healthy 
until  8  weeks  post  treatment,  at  which  time  it  was  sacrificed.  Tissue  (tumor,  brain,  lung,  spleen, 
liver,  kidney,  and  heart)  was  collected  from  each  animal  for  immunohistochemistry. 

Task  6:  Analyze  tumors  and  tissues  from  treated  mice  for  the  presence  of  virus  and  induction  of 
apoptosis  (months  28-36). 

a.  Determine  virus  titers  in  tumors  and  tissues  from  treated  mice  by  plaque  assays.  Tumors 
and  four  different  normal  tissues  will  be  examined  (brain,  lungs,  spleen,  and  blood). 

b.  Determine  viral  antigen  expression  in  tumors  and  tissues  from  treated  mice  by 
immunohistochemistry. 

c.  Determine  induction  of  apoptosis  in  tumors  and  tissues  from  treated  mice  by  TUNEL 
assay. 

Accomplishments  for  task  6: 

We  have  done  some  preliminary  hematoxylin  and  eosin  staining  to  determine  the  histology  of  the 
tumors  by  light  microscopy.  Figure  8  shows  tumor  tissue  from  mock-treated  and  rwt  virus 
treated  mice. 
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Mock-infected  tumors 


rwt-infected  tumor 


Figure  8:  H/E  staining  of  LNCaP  tumors  from  nude  mice  that  have  been  mock  treated  or  treated 
with  rwt  virus. 

LNCaP  cells  form  an  actively  growing  tumor  mass  as  indicated  by  atypical  mitotic  cells  in  the 
tissue.  In  contrast,  tumor  cells  from  rwt-treated  animals  show  fragmented  nuclei  typical  of  cells 
that  are  dying  (figure  8). 


Main  conclusions  from  Aim  3: 

1.  Preliminary  studies  indicate  that  both  rwt  and  rM51R  viruses  are  effective  killers  of 
tumor  cells  in  vivo. 


Work  to  be  done  for  Aim  3: 

1.  Nude  mice  (10  mice  for  each  virus)  will  be  implanted  with  LNCaP  tumor  cells  to 
determine  the  ability  of  rwt  and  rM51R  viruses  to  kill  tumor  cells  in  vivo. 

2.  Determine  the  differences  between  rwt  and  rM51R  as  vectors  for  tumor  therapies  (e.g.  Is 
rM51R  virus  a  safer  virus  for  tumor  therapy  because  of  its  ability  to  induce  interferon  in 
normal  cells?). 

3.  Tissue  (tumor,  brain,  spleen,  lung  and  liver)  will  be  harvested  from  LNCaP  tumor  bearing 
mice  and  processed  for  immunohistochemistry  and  viral  titer  determination 

a.  Determine  virus  titers  in  tissues  to  determine  spread  of  virus 

b.  Determine  viral  antigen  expression  in  treated  tumors  (using  antibodies  to  G 
surface  glycoprotein  of  virus) 

c.  Tissue  will  be  stained  with  caspase  3  antibody,  or  TUNEL  to  determine  apoptosis 
in  tumor  and  other  tissue  infected  with  virus 

4.  Nude  mice  (10  mice  for  each  virus)  will  be  implanted  with  PC-3  tumor  cells  to  determine 
the  ability  of  rwt  and  rM5 1R  viruses  to  kill  this  different  type  of  tumor  cells  in  vivo. 

5.  Tissue  from  PC-3  tumor  bearing  mice  will  be  harvested  and  processed  for 
immunohistochemistry  and  viral  titer  determination  as  in  #4. 

6.  We  will  also  test  the  M  protein  mutant  virus,  rl026,  in  a  preliminary  study  to  determine 
its  effectiveness  an  anti-tumor  vector. 


Key  research  accomplishments: 


1 .  LNCaP  and  PC-3  prostate  tumor  cells  are  differentially  susceptible  to  infection  by  wt  and 
mutant  viruses.  LNCaP  cells  are  extremely  sensitive  to  virus  infection  and  killing, 
whereas  PC-3  cells  are  relatively  resistant. 

2.  M  protein  mutant  viruses  are  effective  killers  of  prostate  tumor  cells. 

3.  M  protein  mutant  viruses  effectively  induce  interferon  in  normal  prostate  cells  and  tumor 
cells. 

4.  LNCaP  and  PC-3  prostate  tumor  cells  are  differentially  responsive  to  interferon.  LNCaP 
tumor  cells  are  not  responsive  to  interferon,  while  PC-3  cells  are  responsive. 

5.  We  have  identified  an  M  protein  mutant  virus,  rM51R,  as  a  potential  vector  for  tumor 
therapy.  This  virus  effectively  kills  tumor  cells  and  induces  high  levels  of  interferon  in 
normal  prostate  cells. 

6.  Preliminary  studies  indicate  that  both  rwt  and  rM51R  viruses  are  effective  killers  of 
tumors  in  nude  mice. 

7.  The  difference  in  cell  killing  and  responsiveness  to  interferon  between  LNCaP  and  PC-3 
cells  will  be  exploited  to  determine  the  effectiveness  of  mutant  viruses  as  vectors  for 
tumor  therapies. 

Reportable  outcomes: 

1 .  The  PC-3  interferon  bioassay  results  have  been  published  ((1);  see  appendix) 

2.  This  work  has  been  presented  at  the  South  Eastern  Regional  Virology  Conference  (2002) 
and  The  American  Society  for  Virology  National  Meeting  (2002).  See  appendix  for 
abstracts 

3.  This  work  has  been  presented  locally  at  the  Wake  Forest  University  Health  Sciences  in 
Cancer  Center  meetings. 

Conclusions: 

Aim  1  of  this  proposal  is  to  identify  mutations  in  VSV  genes  that  enhance  the  differential  killing 
of  prostate  tumor  cells  versus  normal  cells.  The  results  from  our  study  indicated  that  the  M 
protein  mutant  viruses  effectively  killed  prostate  tumor  cells  in  vitro.  Furthermore,  we  identified 
tumor  cell  lines  that  are  differentially  susceptible  to  virus  infection  (PC-3  and  LNCaP).  We  are 
interested  in  the  differences  between  the  two  cell  lines  since  these  may  reflect  a  tumor  type  that 
is  sensitive  to  conventional  treatments  (LNCaP)  and  another  cell  type  that  is  more  resistant  (PC- 
3).  These  differences  will  be  explored  in  vivo  in  Aim  3.  We  found  that  normal  prostate  cells  were 
also  sensitive  to  killing  by  wt  and  mutant  viruses.  Because  of  the  need  to  develop  safer  vectors 
for  tumor  therapies,  the  results  in  Aim  2  are  important.  Aim  2  is  to  identify  VSV  mutants  that 
enhance  the  antiviral  interferon  response  in  prostate  cells.  We  found  that  the  M  protein  mutant 
viruses  induced  interferon  in  both  normal  prostate  cells  and  prostate  tumor  cells.  In  addition,  PC- 
3  and  LNCaP  cells  were  differentially  responsive  to  interferon.  Because  of  the  differences 
between  these  two  cell  types,  it  will  become  important  to  establish  secondary  cultures  of  prostate 
tumors  to  determine  which  tumor  cells  line  resembles  prostate  tumors  in  patients.  Aim  3  is  to 
determine  whether  VSV  mutants  have  greater  efficacy  and  safety  than  wild-type  VSV  in 
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reducing  prostate  tumors  in  nude  mice.  We  chose  the  rM51R  mutant  virus  for  in  vivo  studies  due 
to  its  ability  to  kill  tumor  cells  and  induce  interferon  in  normal  cells.  We  currently  have 
preliminary  results  indicating  that  both  rwt  and  rM51R  viruses  are  effective  killers  of  LNCaP 
tumors  in  nude  mice.  However,  two  of  the  three  animals  treated  with  rwt  virus  also  succumbed  to 
virus  infection  within  4  weeks  post-treatment.  The  one  animal  treated  with  rM51R  killed  the 
tumor  and  remained  healthy  for  2  months  post-treatment.  Since  we  are  unable  to  make  statistical 
conclusions  with  this  study,  a  more  extensive  analysis  will  be  carried  out  to  determine  if  rM51R 
is  a  safer  vector  for  tumor  therapy. 

We  did  not  digress  greatly  from  our  current  plan  in  this  proposal.  We  feel  that  once  we  have 
completed  the  gaps  in  the  in  vitro  work,  including  the  data  from  secondary  cultures  of  tumor 
cells,  as  well  as  the  animal  work  in  Aim  3,  we  will  be  in  a  good  position  to  judge  whether  our  M 
protein  viruses  can  be  used  for  effective  and  safe  tumor  therapies  in  primates,  and  clinical  trials 
within  5  years. 

There  are  compelling  reasons  for  developing  new  treatments  for  prostate  cancer,  including  the 
development  of  viral  vectors.  Approximately  1  out  of  every  10  men  will  develop  this  form  of 
cancer,  and  it  is  second  only  to  lung  cancer  as  the  leading  cause  of  cancer  death  in  men.  Each 
year  more  than  30,000  deaths  are  caused  by  this  disease.  Current  treatment  of  tumors  that  remain 
confined  to  the  prostate  gland  is  usually  successful,  with  a  5-year  survival  rate  of  88%.  The 
challenge  to  develop  novel  therapies  for  prostate  tumors  is  in  the  treatment  of  metastatic  tumors 
that  have  spread  to  many  other  sites  in  the  body  or  to  areas  that  are  difficult  to  access.  The  5-year 
survival  rate  for  patients  with  metastatic  prostate  cancer  is  only  29%.  The  use  of  viruses  that 
have  been  genetically  engineered  to  kill  tumor  cells  offers  a  promising  approach  to  the  treatment 
of  metastatic  cancer,  because  of  the  natural  ability  of  viruses  to  spread  throughout  the  body  and 
seek  out  the  tissues  that  are  susceptible  to  infection.  Our  mutant  viruses  have  great  potential  to  be 
used  in  such  therapies  due  to  their  added  features  of  safety  and  of  targeting  tumor  cells  due  to 
inherent  cellular  defects  in  the  interferon  pathway. 
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M  protein  mutants  of  vesicular  stomatitis  virus  as  vectors  for  prostate  tumor  therapy 

Maryam  Ahmed,  Scott  D.  Cramer,  and  Douglas  S.  Lyles 

Wake  Forest  University  School  of  Medicine,  Winston-Salem,  NC 

Vesicular  stomatitis  virus  (VSV)  is  an  attractive  candidate  as  a  viral  vector  for  tumor  therapy  because  of 
its  potent  ability  to  induce  apoptosis  in  infected  cells.  It  has  been  proposed  that  VSV  selectively  infects 
tumor  cells  because  of  defects  in  their  interferon  signal  transduction  pathways  that  make  them  more 
susceptible  to  VSV  infection  than  normal  cells.  However,  most  wild-type  (wt)  strains  of  VSV  induce 
relatively  little  interferon  production.  We  have  shown  that  this  is  due  to  suppression  of  host  interferon 
gene  expression  by  the  viral  matrix  (M)  protein,  which  is  a  potent  inhibitor  of  host  gene  expression.  This 
suggests  that  M  protein  mutants  of  VSV  that  are  defective  in  their  ability  to  inhibit  host  gene  expression 
will  be  safer  vectors  for  anti-tumor  therapy.  This  idea  was  tested  by  comparing  the  ability  of  viruses 
containing  wt  or  mutant  M  proteins  to  induce  apoptosis  or  interferon  production  in  2  prostate  tumor  cell 
types  (LNCaP  and  PC3  cells)  and  normal  prostatic  epithelial  cell  controls.  Viruses  containing  mutant  M 
proteins  induced  apoptosis  in  all  3  cell  types  as  effectively  as  those  containing  wt  M  proteins,  as  shown 
by  time-lapse  microscopy,  TUNEL  analysis,  and  cell  viability  assays.  However,  only  viruses  containing 
mutant  M  proteins  induced  detectable  levels  of  interferon  activity.  In  single  cycle  virus  infection 
experiments,  LNCaP  cells  were  more  susceptible  to  VSV  infection  and  cell  killing  than  normal  prostatic 
epithelial  cells,  while  PC3  cells  were  more  resistant.  This  indicates  that  some,  but  not  all,  tumor  cells  are 
more  susceptible  to  virus-induced  cell  killing  than  the  normal  cells  from  which  they  are  derived.  This 
suggests  that  a  vigorous  interferon  response,  such  as  that  induced  by  M  protein  mutant  viruses,  is 
important  to  prevent  the  spread  of  virus  within  normal  tissues. 
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The  vesicular  stomatitis  virus  (VSV)  matrix  (M)  protein  plays  a  major  role  in  the  virus-induced  inhibition 
of  host  gene  expression.  It  has  been  proposed  that  the  inhibition  of  host  gene  expression  by  M  protein  is 
responsible  for  suppressing  activation  of  host  interferon  gene  expression.  Most  wild-type  (wt)  strains  of  VSV 
induce  little  if  any  interferon  gene  expression.  Interferon-inducing  mutants  of  VSV  have  been  isolated  previ¬ 
ously,  many  of  which  contain  mutations  in  their  M  proteins.  However,  it  was  not  known  whether  these  M 
protein  mutations  were  responsible  for  the  interferon-inducing  phenotype  of  these  viruses.  Alternatively, 
mutations  in  other  genes  besides  the  M  gene  may  enhance  the  ability  of  VSV  to  induce  interferons.  These 
hypotheses  were  tested  by  transfecting  cells  with  mRNA  expressing  wt  and  mutant  M  proteins  in  the  absence 
of  other  viral  components  and  determining  their  ability  to  inhibit  interferon  gene  expression.  The  M  protein 
mutations  were  the  M51R  mutation  originally  found  in  the  to082  and  T1026R1  mutant  viruses,  the  double 
substitution  V221F  and  S226R  found  in  the  TP3  mutant  virus,  and  the  triple  substitution  E213A,  V221F,  and 
S226R  found  in  the  TP2  mutant  virus,  wt  M  proteins  suppressed  expression  of  luciferase  from  the  simian  virus 
40  promoter  and  from  the  beta  interferon  (IFN-p)  promoter,  while  M  proteins  of  interferon-inducing  viruses 
were  unable  to  inhibit  luciferase  expression  from  either  promoter.  The  M  genes  of  the  interferon-inducing 
mutants  of  VSV  were  incorporated  into  the  wt  background  of  a  recombinant  VSV  infectious  cDNA  clone.  The 
resulting  recombinant  viruses  were  tested  for  their  ability  to  activate  interferon  gene  expression  and  for  their 
ability  to  inhibit  host  RNA  and  protein  synthesis.  Each  of  the  recombinant  viruses  containing  M  protein 
mutations  induced  expression  of  a  luciferase  reporter  gene  driven  by  the  IFN-p  promoter  and  induced 
production  of  interferon  bioactivity  more  effectively  than  viruses  containing  wt  M  proteins.  Furthermore,  the 
M  protein  mutant  viruses  were  defective  in  their  ability  to  inhibit  both  host  RNA  synthesis  and  host  protein 
synthesis.  These  data  support  the  idea  that  wt  M  protein  suppresses  interferon  gene  expression  through  the 
general  inhibition  of  host  RNA  and  protein  synthesis. 


Fn*  Virus  infections  usually  trigger  an  antiviral  response  in  host 
cells  that  functions  to  inhibit  virus  replication.  As  a  result,  most 
viruses  have  evolved  mechanisms  to  suppress  the  antiviral  re¬ 
sponse  of  the  host.  The  balance  between  the  ability  of  host  cells 
to  mount  an  antiviral  response  and  the  ability  of  the  virus  to 
suppress  that  response  is  a  major  determinant  of  the  evolution 
of  infection  and  viral  tissue  tropism  in  intact  animal  hosts 
(reviewed  in  reference  31).  For  many  viruses,  a  major  factor  in 
the  host  antiviral  response  is  the  production  of  alpha  and  beta 
AQ:  A  interferon  (IFN-a  and  -|3).  Once  IFNs  are  secreted  by  infected 
cells,  signal  transduction  events  are  stimulated,  both  in  the 
infected  cells  and  in  neighboring  uninfected  cells,  which  lead  to 
the  activation  of  genes  whose  products  interfere  with  various 
steps  in  the  viral  life  cycle  (reviewed  in  reference  21).  However, 
many  viruses  have  evolved  diverse  mechanisms  to  combat  the 
host  defense  mounted  by  IFNs.  In  general,  these  mechanisms 
can  be  divided  into  two  types:  those  that  inhibit  the  production 
of  IFNs  and  those  that  inhibit  the  response  to  IFNs.  Vesicular 
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stomatitis  virus  (VSV),  the  prototype  rhabdovirus,  is  a  classic 
example  of  a  virus  that  inhibits  the  production  of  IFNs  (33). 
The  goal  of  the  experiments  presented  here  was  to  determine 
whether  the  activity  of  the  viral  matrix  (M)  protein  aids  in  the 
suppression  of  IFN  gene  expression  during  VSV  infection. 

The  M  protein  of  VSV  plays  a  major  role  in  virus  assembly 
by  binding  the  viral  nucleocapsid  to  the  cytoplasmic  surface  of 
the  host  plasma  membrane  during  the  budding  process  (17, 18, 
28)  and  by  inducing  budding  of  virus  envelopes  (22,  23,  25). 
However,  M  protein  is  also  responsible  for  many  of  the  cyto- 
pathic  effects  associated  with  VSV  infection.  These  include  the 
characteristic  rounding  of  cells,  as  well  as  the  shutoff  of  host- 
directed  gene  expression  (reviewed  in  reference  31).  The  abil¬ 
ity  of  M  protein  to  repress  host  gene  expression  is  genetically 
separable  from  its  viral  assembly  function  (6,  11,  26).  Further¬ 
more,  M  protein  is  capable  of  inhibiting  host  gene  expression 
independently  of  other  viral  components  (5,  16,  36).  This  in¬ 
hibition  occurs  at  the  level  of  host  transcription,  as  well  as 
nuclear-cytoplasmic  transport  of  host  RNAs  and  proteins  (1, 5, 
24,  37,  39).  M  protein  also  plays  a  major  role  in  the  inhibition 
of  host  translation  (19,  25,  27).  However,  M  protein  is  not  able 
to  inhibit  translation  in  transfected  cells  in  the  absence  of  other 
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viral  components  (4).  Therefore,  it  is  likely  that  the  inhibition 
of  host  translation  in  VSV-infected  cells  is  due  to  the  com¬ 
bined  effects  of  M  protein  and  additional  viral  factors. 

It  has  been  proposed  that  the  ability  of  M  protein  to  inhibit 
host  gene  expression  is  responsible  for  the  ability  of  VSV  to 
suppress  activation  of  host  IFN  gene  expression  (reviewed  in 
reference  31).  According  to  this  model,  there  must  be  other 
products  of  virus  infection,  such  as  viral  double-stranded  RNA 
(dsRNA),  that  activate  IFN  gene  expression,  which  is  then 
suppressed  by  the  activity  of  M  protein.  In  support  of  this  idea, 
transfection  experiments  have  shown  that  M  protein  inhibits 
expression  of  a  reporter  gene  from  a  plasmid  containing  the 
IFN-p  promoter  as  effectively  as  it  inhibits  expression  from 
other  promoters  (16).  Despite  the  extensive  evidence  that  M 
protein  can  inhibit  host  gene  expression  in  the  absence  of  other 
viral  components,  the  role  of  M  protein  versus  other  viral 
components  in  the  shutoff  of  host  gene  expression  in  the  con¬ 
text  of  a  viral  infection  has  been  questioned  (40).  In  addition, 
it  has  been  proposed  that  M  protein  plays  little,  if  any,  role  in 
the  suppression  of  IFN  production  by  VSV  (34). 

Earlier  studies  have  demonstrated  the  feasibility  of  isolating 
VSV  mutants  with  strong  IFN-inducing  phenotypes  (19,  34). 
Many  of  these  IFN-inducing  mutants  contain  point  mutations 
in  their  M  proteins  (13,  34).  However,  it  was  not  known 
whether  the  M  protein  mutations  were  responsible  for  the 
ability  of  these  viruses  to  induce  IFN.  Alternatively,  it  has  been 
proposed  that  mutations  in  other  genes  besides  the  M  gene 
may  account  for  their  IFN-inducing  phenotype  (34).  In  this 
paper,  mutant  M  proteins  from  these  IFN-inducing  viruses 
were  used  to  resolve  the  question  of  whether  M  protein  is  the 
VSV  factor  that  suppresses  IFN  induction  during  the  virus 
infection.  Furthermore,  we  tested  whether  the  ability  of  M 
protein  to  inhibit  IFN  induction  is  due  to  its  potent  ability  to 
shut  off  host  gene  expression.  These  hypotheses  were  tested  in 
the  experiments  presented  here  by  transfecting  cells  with  M 
mRNA  expressing  wild-type  (wt)  M  proteins  or  mutant  M 
proteins  from  the  IFN-inducing  viruses  and  determining  their 
ability  to  inhibit  IFN  gene  expression.  Results  indicated  that  wt 
M  proteins  effectively  suppressed  luciferase  expression  from 
plasmids  containing  either  the  simian  virus  40  (SV40)  or  IFN-p 
promoters,  while  M  proteins  of  IFN-inducing  viruses  were 
unable  to  inhibit  luciferase  expression  from  either  promoter. 
The  M  genes  of  several  of  these  IFN-inducing  mutants  were 
incorporated  into  the  wt  background  of  an  infectious  VSV 
cDNA  clone.  Each  of  the  recombinant  viruses  containing  mu¬ 
tant  M  proteins  induced  expression  of  a  luciferase  reporter 
gene  driven  by  the  IFN-p  promoter  and  induced  the  produc¬ 
tion  of  IFN  bioactivity  more  effectively  than  viruses  containing 
wt  M  proteins.  These  results  indicate  that  M  protein  plays  a 
major  role  in  the  inhibition  of  host  IFN  gene  expression  in 
VSV-infected  cells.  Furthermore,  the  M  protein  mutant  vi¬ 
ruses  were  defective  in  their  ability  to  inhibit  both  host  RNA 
synthesis  and  host  protein  synthesis.  Thus,  the  IFN-inducing 
phenotype  of  the  viruses  containing  M  protein  mutations  was 
genetically  correlated  with  a  defect  in  their  ability  to  inhibit 
host  gene  expression,  suggesting  that  the  suppression  of  IFN 
activity  in  VSV-infected  cells  is  due  in  part  to  a  global  inhibi¬ 
tion  of  host  gene  expression  by  M  protein. 


J.  Virol. 

MATERIALS  AND  METHODS 

Cells  and  viruses.  HcLa  cells  and  PC-3  prostate  cells  were  from  the  American 
Type  Culture  Collection,  wt  VSV  (Indiana  serotype,  Orsay  strain)  and  the  M 
protein  mutant  /s082  (11)  were  grown  in  BHK  cells  as  described  previously  (32). 
The  recombinant  viruses,  rwt  and  rM51R,  contain  the  San  Juan  strain  of  M 
protein  and  were  isolated  from  infectious  VSV  cDNA  clones  as  described  else¬ 
where  (27).  Plasmids  containing  cDNA  copies  of  the  M  genes  of  the  wt  HR  strain 
and  the  T1026R1,  TP2,  and  TP3  mutant  viruses  have  been  described  previously 
(13).  The  M  genes  were  modified  by  PCR  with  Pwo  DNA  polymerase  (Bocr- 
hingcr-Mannhcim,  Inc.)  using  the  primers  5'GGGCTTAAGGAAGATTCTCG 
GTCTG3'  and  5'TTTGGCGCGCCAATTAGGAGAGAC3'.  The  PCR  prod¬ 
ucts  were  digested  with  Afill  and  JtoHlI  and  were  inserted  into  the  infectious 
VSV  cDNA  clone  as  described  previously  (27).  The  recombinant  viruses  isolated 
from  these  cDNA  clones  were  designated  rHR-M,  rl026-M,  rTP2-M,  and 
rTP3-M  viruses.  All  viruses  were  plaque  isolated  twice  in  BHK  cells,  and  the 
sequences  of  the  M  genes  were  confirmed  by  reverse  transcription-PCR  and 
automated  DNA  sequencing  as  described  elsewhere  (27). 

Plasmids  and  in  vitro  transcription  of  mRNA.  The  ppiux  plasmid  contains  the 
firefly  luciferase  gene  under  control  of  the  IFN-p  promoter  (35),  and  the  pGL3 
control  vector  expresses  luciferase  constitutively  from  the  SV40  promoter  (Pro- 
mega).  The  plasmid  pSD.OM,  used  for  in  vitro  transcription  of  mRNA  encoding 
wt  M  protein  (Orsay  strain)  together  with  a  3'  poly(A)  sequence,  has  been 
described  previously  (4).  The  M  gene  cDNAs  from  wt  HR,  T1026R1,  TP2,  and 
TP3  viruses  were  modified  by  PCR  with  Pwo  DNA  polymerase  by  using  the 
primers  described  previously  (6).  The  PCR  products  were  digested  with  T/mdlll 
and  were  cloned  into  the  pSD4.2  vector  for  in  vitro  transcription  of  wt  HR  and 
mutant  M  mRNAs.  In  the  in  vitro  transcription  reactions,  M  mRNAs  containing 
5'  caps  and  3'  poly(A)  were  synthesized  in  the  presence  of  the  cap  analog 
7mG(5')ppp(5')G  from  linearized  plasmid  DNA  by  the  bacteriophage  SP6  RNA 
polymerase  (Message  Machine;  Ambion,  Inc.). 

Transfections  and  luciferase  assays.  HcLa  cells  in  35-mm-diamctcr  dishes  (or 
six-well  plates)  were  transfected  using  Lipofcctin  reagent  (GIBCO-BRL)  accord¬ 
ing  to  the  manufacturer’s  instructions.  To  determine  the  effect  of  M  protein  on 
expression  of  luciferase  from  the  SV40  promoter,  cells  were  transfected  with 
various  amounts  of  in  vitro-transcribed  M  mRNA  together  with  250  ng  of  pGL3 
plasmid  DNA  and  various  amounts  of  yeast  RNA  to  normalize  RNA  levels  to 
750  ng.  At  16  h  posttransfection,  cells  were  washed  with  phosphate-buffered 
saline  (PBS)  and  harvested.  Luciferase  activity  was  determined  using  the  Pro- 
mega  luciferase  assay  system. 

To  determine  the  effect  of  wt  and  mutant  M  proteins  on  expression  of  lucif¬ 
erase  from  the  IFN-P  promoter,  cells  were  transfected  with  cither  100  ng  of 
wtHR,  TP2,  and  TP3  M  mRNAs  or  300  ng  of  T1026  M  mRNA  together  with  1 
fxg  of  ppiux.  At  16  h  posttransfection,  cells  were  washed  with  PBS  and  harvested, 
and  luciferase  activity  was  measured.  Transfections  were  carried  out  both  in  the 
presence  and  absence  of  poly(I)-poly(C).  However,  in  most  cases,  the  transfec¬ 
tion  protocol  itself  partially  induced  the  IFN  promoter,  and  the  addition  of 
dsRNA  had  little  if  any  effect  in  activation  of  the  IFN  promoter. 

To  determine  the  effect  of  wt  and  M  protein  mutant  viruses  on  activation  of 
the  IFN-p  promoter,  HcLa  cells  in  35-mm  dishes  were  transfected  with  1  pg  of 
ppiux  plasmid  DNA.  At  24  h  posttransfection,  cells  were  infected  with  viruses 
containing  wt  or  mutant  M  proteins  at  a  multiplicity  of  20  PFU/ccll.  Cells  were 
mock  infected  as  negative  controls  or  were  treated  with  po!y(I)-poly(C)  (200 
pg/ml;  Sigma  Chemical  Co.)  at  24  h  posttransfcction  as  positive  controls.  Cells 
were  harvested  at  3,  6,  and  9  h  postinfcction,  and  luciferase  activity  was  mea¬ 
sured. 

IFN  bioassay.  To  determine  the  IFN  activity  produced  by  cells  infected  with  wt 
and  mutant  viruses,  supernatants  (100  pi)  were  collected  from  HcLa  and  PC-3 
cells  infected  with  wt  and  mutant  viruses  at  the  times  indicated  below  in  Fig.  5. 
Infectious  virus  was  inactivated  by  acid  treatment,  the  acid  was  neutralized,  and 
serial  dilutions  were  incubated  with  HcLa  cells  in  96-wcll  plates  overnight  at 
37°C.  As  a  standard,  cells  were  incubated  with  serial  fivefold  dilutions  of  IFN 
(Universal  type  I  IFN;  PBL  Biomedical  Laboratories,  New  Brunswick,  N.J.).  The 
samples  were  aspirated,  and  cells  were  challenged  with  wt  VSV  at  2.24  X  104 
PFU/ml  in  100  pi  of  medium.  Controls  included  cells  infected  with  VSV  alone 
and  cells  that  were  not  challenged  with  VSV.  Cells  were  incubated  overnight  at 
37°C,  medium  was  aspirated,  and  cells  were  fixed  with  95%  ethanol.  Cells  were 
then  stained  with  a  0.1%  crystal  violet  solution  in  methanol.  Absorbance  was 
read  at  550  nm  on  an  ELISA  reader. 

Radioiabeling  of  infected  and  transfected  cells.  To  analyze  host  and  viral 
protein  synthesis  during  virus  infections,  HcLa  cells  in  35-mm  dishes  were  in¬ 
fected  with  viruses  containing  wt  or  mutant  M  proteins  at  a  multiplicity  of  20 
PFU/ccll  in  Dulbccco’s  modified  essential  medium  (DMEM)  with  2%  fetal  calf 
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FIG.  1.  Effect  of  wt  and  mutant  M  proteins  on  expression  of  lucif- 
erase  from  the  SV40  promoter.  (A)  Diagram  representing  sequences 
of  M  proteins  from  IFN-inducing  mutant  viruses  of  the  HR  strain  of 
VSV.  M-HR  is  the  wt  M  protein  of  the  HR  strain.  Mutations  in  the 
M-T1026,  M-TP2,  and  M-TP3  proteins  are  indicated  by  boxes. 
(B)  Representative  image  of  M  proteins  expressed  from  cells  trans¬ 
fected  with  wt  and  mutant  M  mRNAs.  L  cells  were  transfected  with  the 
indicated  amounts  of  wt  and  mutant  M  mRNAs  for  5  h.  Cells  trans¬ 
fected  with  pGL3  plasmid  DNA  alone  were  used  as  a  negative  control. 
Cells  were  labeled  with  [35S]methionine  (200  jxCi/ml)  for  1  h,  and  cell 
extracts  were  prepared.  Extracts  were  immunoprecipitated  with  the 
anti-M  protein  monoclonal  antibody  23H12  and  processed  for  SDS- 
PAGE  and  phosphorimaging.  (C)  Quantitation  of  labeled  M  proteins. 
Results  are  expressed  as  the  percentage  of  M  protein  expressed  in  cells 
transfected  with  30  ng  of  wtO  mRNA.  Data  are  the  means  ±  standard 
errors  of  the  means  for  four  experiments.  (D)  Effect  of  wt  and  mutant 
M  proteins  on  expression  of  luciferase  from  the  SV40  promoter.  HeLa 
cells  were  transfected  with  the  indicated  amounts  of  in  vitro-tran- 
scribed  M  mRNA  together  with  250  ng  of  pGL3  plasmid  DNA  con- 


scrum  (FCS).  At  4,  8,  and  12  h  postinfection,  cells  were  labeled  with  a  15-min 
pulse  of  [35S]mcthioninc  (100  |xCi/ml)  in  a  total  of  0.3  ml  of  methionine-free 
medium.  Cells  were  washed  with  PBS  and  harvested  in  radioimmunoprccipita- 
tion  assay  (RIPA)  buffer  (0.15  M  NaCl,  1%  dcoxycholatc,  1%  Triton  X-100, 
0.1%  sodium  dodccyl  sulfate  [SDSJ,  10  mM  Tris  [pH  7.4]).  Cell  extracts  were 
analyzed  by  SDS-polyacrylamidc  gel  electrophoresis  (SDS-PAGE)  and  phosphor¬ 
imaging  as  described  elsewhere  (27). 

To  determine  the  amount  of  M  protein  expressed  by  mRNAs  encoding  wt  or 
mutant  M  proteins,  cells  were  transfected  with  various  amounts  of  M  mRNA  or 
with  250  ng  of  pGL3  vector  alone.  At  5  h  posttransfection,  cells  were  washed  with 
PBS  and  harvested  in  RIPA  buffer.  Cell  extracts  were  immunoprecipitated  with 
the  anti-M  protein  monoclonal  antibody,  23H12,  and  processed  for  electrophore¬ 
sis  as  described  previously  (6).  Data  were  quantitated  by  phosphorimaging. 

RNA  synthesis  in  infected  cells.  HeLa  cells  were  infected  with  viruses  con¬ 
taining  wt  or  mutant  M  proteins  at  a  multiplicity  of  20  PFU/ccIl  in  DMEM  plus 
2%  FCS  at  37°C  or  were  mock  infected  as  a  control.  The  virus  was  allowed  to 
adsorb  for  1  h,  and  cells  were  fed  with  medium  containing  2%  FCS.  Parallel 
samples  were  incubated  in  the  presence  of  actinomycin  D  (total  concentration  of 
5  pg/ml).  At  2,  4,  and  6  h  postinfection,  cells  were  labeled  with  [3H]uridinc  (20 
p.Ci/ml)  for  30  min,  washed  in  PBS,  and  harvested.  Cells  were  resuspended  in 
SDS-lysis  buffer  containing  RNasc-protcinasc  degrader  (Invitrogcn),  and  DNA 
was  sheared  with  a  20-gauge  needle.  Samples  were  then  precipitated  with  7% 
trichloroacetic  acid  on  ice  and  washed  twice  with  7%  trichloroacetic  acid.  Acid- 
prccipitablc  radioactivity  was  measured  by  scintillation  counting. 

Growth  curve  assay.  HeLa  cells  in  35-mm  dishes  were  infected  with  viruses 
containing  wt  or  mutant  M  proteins  (multiplicity  of  infection  =  10  PFU/ccll)  in 
DMEM  containing  2%  FCS.  At  1  h  postinfcction,  the  medium  was  removed  and 
cells  were  washed  twice  with  PBS  and  then  fed  with  2  ml  of  DMEM  containing 
10%  FCS.  At  the  indicated  times  postinfcction,  100  pi  of  medium  was  removed 
from  the  dishes  and  stored  at  -70°C.  The  yield  of  virus  was  determined  by 
plaque  assays  on  BHK  cells  and  was  expressed  as  PFU  per  milliliter. 


RESULTS 

Effect  of  mutant  M  proteins  expressed  from  transfected 
mRNA  on  expression  from  the  SV40  promoter.  To  determine 
whether  the  ability  of  M  protein  to  inhibit  host  gene  expression 
is  responsible  for  the  ability  of  the  virus  to  suppress  activation 
of  IFN  gene  expression,  we  asked  if  the  mutant  M  proteins 
from  the  previously  isolated  IFN-inducing  VSV  mutants  (19) 
were  defective  in  their  ability  to  inhibit  host  gene  expression. 
Therefore,  we  tested  the  effect  of  wt  and  mutant  M  proteins 
expressed  from  transfected  M  mRNA,  in  the  absence  of  other 
viral  components,  on  expression  of  luciferase  from  a  plasmid 
containing  the  SV40  promoter.  These  IFN-inducing  viruses  are 
derived  from  the  HR  strain  of  VSV,  and  their  M  protein 
mutations  are  depicted  in  the  diagram  in  Fig.  1A.  The  M 
protein  of  the  IFN-inducing  mutant  T1026R1  virus  (M-T1026) 
has  a  substitution  of  arginine  for  methionine  at  position  51 
(M51R  mutation)  of  the  229-amino-acid  M  protein  (13,  16). 
This  mutation  has  been  shown  previously  to  render  the  M 
protein  defective  in  its  ability  to  inhibit  host  gene  expression  (1, 
6,  16,  37,  45).  M-TP2  and  M-TP3  are  the  M  proteins  from  the 
TP2  and  TP3  mutant  viruses,  respectively,  which  were  inde¬ 
pendently  isolated  from  the  HR  strain  based  on  their  IFN- 
inducing  phenotypes  (19).  These  M  proteins  contain  the  dou¬ 
ble  substitution  V221F  and  S226R  (TP3)  and  the  triple 
substitution  E213A,  V221F,  and  S226R  (TP2),  which  are  near 


taining  a  luciferase  gene  driven  by  the  SV40  promoter.  At  24  h  post¬ 
transfection,  cells  were  harvested  and  luciferase  activity  was  measured. 
Data  are  presented  as  the  percentage  of  the  activity  of  controls  trans¬ 
fected  with  pGL3  plasmid  DNA  in  the  absence  of  M  mRNA  and  are 
the  means  ±  standard  errors  of  the  means  for  eight  independent 
experiments. 
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the  carboxy  terminus  of  the  229-amino-acid  M  protein  (13). 
The  ability  of  these  mutant  M  proteins  to  inhibit  host  gene 
expression  in  the  absence  of  other  viral  components  had  not 
been  tested  previously. 

M  protein  inhibits  its  own  transcription  when  expressed 
from  DNA  vectors  that  depend  on  host  cell  transcription,  mak¬ 
ing  it  difficult  to  express  from  recombinant  plasmid  DNA  vec¬ 
tors  (5,  7,  29).  To  circumvent  this  problem,  M  protein  can  be 
more  effectively  expressed  by  transfecting  cells  with  in  vitro- 
transcribed  M  mRNA  instead  of  plasmid  DNA  (4).  This  is 
because  M  protein  does  not  inhibit  translation  of  transfected 
mRNAs  in  the  absence  of  other  viral  components.  In  fact,  wt 
M  protein  actually  stimulates  translation  of  transfected 
mRNAs,  including  its  own  mRNA  (4).  This  leads  to  higher 
levels  of  expression  of  wt  M  protein  compared  to  mutant  M 
proteins  when  cells  are  transfected  with  equivalent  amounts  of 
M  mRNAs  (as  shown  below  and  in  reference  32). 

The  relative  levels  of  expression  from  transfected  mRNAs 
encoding  M  proteins  derived  from  the  HR  strain  (M-HR, 
M-TP2,  M-TP3,  and  M-T1026)  were  compared  to  those  of  the 
M  protein  of  the  Orsay  strain  of  VSV  (M-wtO),  which  we  had 
studied  previously  (1,  5,  6).  Cells  were  transfected  with  100  ng 
of  wtHR,  TP2,  or  TP3  M  mRNAs  or  300  ng  of  T1026  M 
mRNA  and  compared  to  cells  transfected  with  3,  10,  or  30  ng 
of  wtO  M  mRNA.  At  5  h  posttransfection,  cells  were  radiola¬ 
beled  with  [35S]methionine  for  1  h  and  lysed.  Lysates  were 
immunoprecipitated  with  the  anti-M  monoclonal  antibody, 
23H12,  and  processed  for  electrophoresis  and  phosphores¬ 
cence  imaging.  Similar  results  were  obtained  in  L  cells  and 
HeLa  cells.  However,  only  the  data  from  L  cells  were  quanti¬ 
tated  due  to  the  fact  that  immunoprecipitates  from  HeLa  cell 
lysates  contained  high  levels  of  background  proteins,  making  it 
difficult  to  quantitate  the  amount  of  M  protein  expressed  from 
M  mRNA.  An  image  of  the  labeled  M  protein  bands  is  shown 
in  Fig.  IB.  The  wt  and  mutant  M  proteins  synthesized  by  each 
of  the  M  mRNAs  were  quantitated  and  are  shown  as  a  per¬ 
centage  of  the  M  protein  expressed  in  cells  transfected  with  30 
ng  of  wtO  M  mRNA  (Fig.  1C).  The  M  proteins  derived  from 
the  HR  strain  were  less  effectively  expressed  than  the  wtO  M 
protein,  so  that  at  least  three  times  more  wtHR,  TP2,  or  TP3 
M  mRNA  was  needed  to  achieve  levels  of  M  protein  expres¬ 
sion  comparable  to  that  of  wtO  M  protein.  The  amount  of  M 
protein  obtained  by  transfecting  300  ng  of  T1026  M  mRNA 
was  close  to  background  levels.  Therefore,  it  appears  that  the 
T1026  M  protein  was  not  expressed  efficiently  from  transfected 
mRNA.  In  contrast,  the  TP2  and  TP3  M  proteins  were  ex¬ 
pressed  as  efficiently  as  wtHR  M  protein.  The  low  level  of 
detection  of  the  T1026  M  protein  is  not  likely  to  be  due  to  lack 
of  antibody  reactivity  with  the  mutant  M  protein.  Even  though 
the  M51R  mutation  in  this  M  protein  is  near  the  epitope 
recognized  by  this  antibody  against  M  protein  (37),  the  M51R 
mutant  M  protein  of  the  Orsay  strain  is  immunoprecipitated  as 
efficiently  as  wt  M  protein  (37;  H.  Yuan  and  D.  S.  Lyles, 
unpublished  data). 

To  determine  the  ability  of  wt  and  mutant  M  proteins  to 
inhibit  host-directed  gene  expression,  HeLa  cells  were  trans¬ 
fected  with  250  ng  of  plasmid  DNA  encoding  luciferase  ex¬ 
pressed  from  the  SV40  promoter,  together  with  varying 
amounts  of  wt  or  mutant  M  mRNA.  At  24  h  posttransfection, 
cell  extracts  were  prepared,  and  luciferase  activity  was  mea- 
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FIG.  2.  Effect  of  wt  and  mutant  M  proteins  on  expression  of  lucif¬ 
erase  from  the  IFN-p  promoter.  HeLa  cells  were  transfected  with  1  jxg 
of  pplux  encoding  luciferase  expressed  from  the  IFN-p  promoter, 
together  with  100  ng  of  wt,  TP2,  and  TP3  M  mRNA  or  300  ng  of  T1026 
M  mRNA.  At  16  h  posttransfection,  cell  extracts  were  prepared,  and 
luciferase  activity  was  measured.  Luciferase  activities  are  expressed  as 
a  percentage  of  the  activity  in  cells  transfected  with  pplux  alone  and 
are  the  means  ±  standard  errors  of  the  means  for  four  independent 
experiments. 


sured.  Data  are  expressed  as  a  percentage  of  the  luciferase 
activity  obtained  from  cells  transfected  with  the  luciferase  plas¬ 
mid  in  the  absence  of  M  mRNA  (Fig.  ID).  The  wtO  M  protein 
inhibited  luciferase  expression  from  the  plasmid  containing  the 
SV40  promoter  with  approximately  50%  inhibition  when  cells 
were  transfected  with  1  to  3  ng  of  M  mRNA.  We  have  previ¬ 
ously  shown  by  nuclear  runoff  experiments  that  M  protein 
inhibits  expression  from  the  SV40  promoter  at  the  transcrip¬ 
tional  level  (1,  5).  It  is  also  possible  that  inhibition  of  nuclear- 
cytoplasmic  mRNA  transport  contributes  to  the  inhibition  of 
luciferase  expression  (5,  24,  37,  39).  Similar  to  wtO  M  protein, 
the  wt  HR  M  protein  also  inhibited  luciferase  expression,  al¬ 
though  10  ng  of  HR  M  mRNA  was  required  to  achieve  50% 
inhibition.  Since  more  than  threefold  more  HR  M  mRNA  was 
required  to  give  levels  of  expression  equivalent  to  those  of  wtO 
M  mRNA  (Fig.  1C),  these  data  indicate  that  the  potency  of  the 
wtHR  M  protein  is  similar  to  that  of  the  wtO  M  protein,  when 
the  relative  expression  levels  are  considered.  All  of  the  M 
protein  mutants  of  the  HR  strain  (TP2,  TP3,  and  T1026)  were 
defective  in  their  ability  to  inhibit  luciferase  expression.  In  fact, 
luciferase  activity  remained  constant  in  cells  transfected  with 
concentrations  of  each  of  the  mutant  M  mRNAs  that  were 
10-fold  higher  than  those  used  with  the  wt  M  mRNAs  (Fig. 
ID).  In  the  case  of  the  TP2  and  TP3  M  proteins,  the  inability 
to  inhibit  luciferase  expression  cannot  be  accounted  for  by  low 
levels  of  expression,  since  they  were  expressed  as  efficiently  as 
the  wtHR  M  protein  (Fig.  1C).  In  the  case  of  the  T1026  M 
protein,  the  low  level  of  expression  could  be  responsible,  in 
part,  for  its  failure  to  inhibit  luciferase  expression.  Taken  to¬ 
gether  these  results  indicate  that  the  mutant  M  proteins  are 
defective  in  their  ability  to  inhibit  host-directed  gene  expres¬ 
sion  when  expressed  in  transfected  cells  in  the  absence  of  other 
viral  gene  products. 

Mutant  M  proteins  induce  expression  of  luciferase  from  the 
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FIG.  3.  Viruses  used  in  this  study.  The  diagram  represents  the  sequences  of  the  M  proteins  of  the  viruses  used  in  this  study.  Mutations  in  the 
M  proteins  are  indicated  by  boxes.  The  tt082  virus  (number  2)  is  a  naturally  occurring  mutant  of  the  Orsay  strain  of  VSV  (number  1)  containing 
the  M51R  mutation  (11).  The  remaining  viruses  are  recombinants  isolated  from  VSV  infectious  cDNA  clones,  which  differ  only  in  their  M  genes. 
The  M  genes  of  the  original  recombinant  wt  (rwt)  virus  (3)  and  rM51R-M  mutant  (4)  are  derived  from  the  San  Juan  strain  (27,  42).  The  viruses 
containing  the  wt  M  protein  from  the  HR  strain  (rHR-M  virus)  (5),  the  M51R  mutation  in  the  HR  M  protein  (rl026-M  virus)  (6),  and  the  TP2 
and  TP3  mutations  in  the  HR  M  protein  (7  and  8)  were  generated  for  this  study.  Sites  of  amino  acid  differences  between  the  San  Juan  and  HR 
strains  are  indicated  by  asterisks. 


IFN-P  promoter.  Data  in  Fig.  1  indicate  that  mutant  M  pro¬ 
teins  from  IFN-inducing  VSV  mutants  are  defective  in  their 
ability  to  shut  off  luciferase  gene  expression  driven  from  the 
SV40  promoter.  In  a  similar  assay,  we  also  tested  the  effect  of 
wt  and  mutant  M  proteins  on  expression  of  luciferase  from  a 
plasmid  containing  the  IFN-p  promoter.  HeLa  cells  were 
transfected  with  1  \xg  of  plasmid  DNA  encoding  luciferase 
expressed  from  the  IFN-p  promoter  (pplux),  together  with  100 
ng  of  wtHR,  TP2,  and  TP3  M  mRNAs  or  300  ng  of  T1026  M 
mRNA.  At  16  h  posttransfection,  cell  extracts  were  prepared, 
and  luciferase  activity  was  measured.  In  order  to  compare  data 
between  different  experiments,  luciferase  activities  are  ex¬ 
pressed  as  a  percentage  of  the  activity  in  cells  transfected  with 
pplux  alone.  Results  in  Fig.  2  show  that  the  wt  M  protein  of  the 
HR  strain  inhibited  expression  of  luciferase  from  the  plasmid 
expressing  the  IFN-p  promoter.  This  result  is  similar  to  previ¬ 
ous  results  obtained  using  a  different  reporter  gene  driven  by 
the  IFN-P  promoter  (16).  However,  each  of  the  mutant  M 
proteins  failed  to  inhibit  luciferase  expression  from  the  plas¬ 
mid  containing  the  IFN-p  promoter.  In  fact,  luciferase  was 
expressed  at  somewhat  higher  levels  in  cells  expressing  mutant 
M  proteins  than  in  control  cells.  Such  stimulation  of  gene 
expression  by  mutant  M  proteins  has  been  observed  previously 
(2,  6).  However,  the  basis  for  this  effect  has  not  been  explored. 
The  important  conclusion  from  Fig.  2  is  that  the  M  proteins  of 


these  IFN-inducing  VSV  mutants  are  defective  in  their  ability 
to  inhibit  luciferase  activity  driven  by  the  IFN-p  promoter, 
similar  to  their  inability  to  inhibit  the  activity  from  the  SV40 
promoter  (Fig.  1). 

M  protein  mutations  contribute  to  defects  in  IFN  suppres¬ 
sion  in  the  context  of  a  virus  infection.  The  M  genes  from  the 
IFN-inducing  mutants  of  VSV  were  incorporated  into  the  wt 
background  of  a  recombinant  VSV  infectious  cDNA  clone  to 
determine  whether  the  M  protein  mutations  contribute  to  their 
IFN-inducing  phenotype  in  the  context  of  the  virus  infection. 

In  addition  to  the  wt  and  mutant  M  proteins  derived  from  the 
HR  strain  of  VSV,  we  also  tested  the  effects  of  mutations  in  M 
genes  of  additional  virus  strains  (Orsay  and  San  Juan).  The 
viruses  used  in  our  study  are  diagramed  in  Fig.  3.  Viruses  1  and  F3 
2  are  naturally  occurring  viruses  derived  from  the  Orsay  strain 
of  VSV,  and  the  remaining  viruses  are  recombinant  viruses 
isolated  from  VSV  infectious  cDNA  clones.  Virus  1  is  the  wt 
Orsay  strain  (wtO),  and  virus  2  is  the  te082  mutant  derived 
from  wtO  virus,  which  was  shown  previously  to  induce  higher 
levels  of  IFN  production  than  wtO  virus  (34).  tsOS2  virus 
contains  the  methionine-to-arginine  substitution  in  position  51 
(M51R  substitution)  in  the  M  protein  sequence  (11).  The 
M51R  mutation  was  introduced  into  the  wt  background  of  our 
recombinant  wt  virus  (rwt  virus;  number  3  in  Fig.  3)  to  gener¬ 
ate  rM51R-M  virus  (number  4),  using  infectious  cDNA  clones 
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FIG.  4.  Effect  of  viruses  containing  wt  or  mutant  M  proteins  on  the 
activity  of  the  IFN-p  promoter.  HeLa  cells  were  transfected  with  1  |xg 
of  pplux  plasmid  DNA  encoding  luciferase  under  control  of  the  IFN*p 
promoter.  At  24  h  posttransfection,  cells  were  infected  with  viruses 
containing  wt  or  mutant  M  proteins  at  a  multiplicity  of  20  PFU/cell. 
Cells  were  harvested  at  3,  6,  and  9  h  postinfection,  and  luciferase 
activity  was  determined.  Cells  were  transfected  with  pplux  DNA  and 
mock  infected  as  negative  controls  (Con),  and  cells  were  transfected 
with  pplux  DNA  and  then  treated  with  poly(I)-poly(C)  (pI:pC)  as 
positive  controls.  Data  are  expressed  as  a  percentage  of  the  luciferase 
activity  expressed  by  uninfected  cells  transfected  with  250  ng  of  pGL3 
plasmid  DNA  to  detect  constitutive  luciferase  activity  from  the  SV40 
promoter.  Data  shown  are  means  ±  standard  errors  of  the  means  for 
four  independent  experiments. 


modified  slightly  (27)  from  the  one  described  by  Whelan  et  al. 
(42).  The  M  proteins  of  these  viruses  are  derived  from  the  San 
Juan  strain  of  VSV.  The  San  Juan  M  protein  differs  from  the 
HR  M  protein  by  seven  amino  acid  substitutions,  as  indicated 
AQ:  B  in  Fig.  3. 

Viruses  5  to  8  are  recombinant  viruses  containing  M  pro¬ 
teins  derived  from  the  HR  strain  of  VSV  (as  shown  in  Fig.  1A). 
Virus  5  (rHR-M  virus)  contains  the  wtHR  M  protein,  and  virus 
6  (rl026-M  virus)  contains  the  M  protein  of  the  IFN-inducing 
mutant  virus  T1026R1.  As  mentioned  previously,  the  M  pro¬ 
tein  of  rl026-M  contains  the  same  M51R  mutation  found  in 
the  tt082  and  rM51R-M  viruses.  Viruses  7  and  8  contain  the 
M  proteins  of  the  TP2  and  TP3  mutant  viruses,  which  contain 
mutations  near  the  carboxy  terminus  of  the  M  protein  (13). 

The  effect  of  M  protein  mutations  on  the  ability  of  these 
viruses  to  stimulate  IFN  gene  expression  was  determined  by 
transfecting  HeLa  cells  with  the  plasmid  encoding  luciferase 
under  control  of  the  IFN-p  promoter  (pplux).  At  24  h  post¬ 
transfection,  cells  were  infected  with  viruses  containing  wt  or 
mutant  M  proteins.  Cells  were  harvested  at  3,  6,  or  9  h  postin¬ 
fection,  and  lysates  were  tested  for  luciferase  activity.  Data  are 
expressed  as  a  percentage  of  the  luciferase  activity  in  unin¬ 
fected  cells  transfected  with  a  control  plasmid  in  which  lucif- 
F4  erase  was  expressed  from  the  SV40  promoter  (Fig.  4).  Other 
controls  included  cells  transfected  with  pplux  alone  to  deter¬ 
mine  unstimulated  luciferase  levels  and  cells  treated  with  the 
dsRNA  analog  poly(I)-poly(C)  to  stimulate  IFN  gene  expres¬ 
sion. 

All  of  the  viruses  containing  wt  M  proteins  (wtO,  rwt,  and 
rHR-M  viruses)  were  unable  to  activate  IFN  gene  expression, 
as  demonstrated  by  little  if  any  increase  in  luciferase  levels 
over  those  of  the  negative  control.  In  contrast,  all  of  the  viruses 
containing  the  M51R  M  protein  mutation  (tt082,  rM51R-M, 
and  r!026-M  viruses)  induced  luciferase  activity  to  levels  as 


high  as  or  higher  than  that  of  the  positive  control  treated  with 
po!y(I)-poly(C).  Likewise,  the  rTP2-M  and  rTP3-M  viruses, 
containing  the  carboxy-terminal  substitutions  in  M  protein, 
induced  high  levels  of  luciferase  expression.  Quantitatively, 
luciferase  activity  in  cells  infected  with  M  protein  mutant  vi¬ 
ruses  was  stimulated  2-  to  10-fold  over  that  seen  with  viruses 
containing  wt  M  proteins.  Pairwise  comparison  of  recombinant 
viruses  containing  wt  versus  mutant  M  proteins  derived  from 
the  same  virus  strain  indicated  that  mutations  in  M  protein  are 
responsible  for  the  IFN-inducing  phenotypes  of  the  recombi¬ 
nant  viruses.  For  example,  rM51R-M  virus  induced  higher 
levels  of  luciferase  than  its  wt  control,  rwt  virus,  and  rl026-M 
virus  induced  higher  levels  of  luciferase  than  its  wt  control, 
rHR-M  virus. 

The  principal  conclusion  to  be  drawn  from  Fig.  4  is  that 
viruses  with  wt  M  proteins  inhibit  expression  of  luciferase  from 
the  IFN  promoter,  while  viruses  with  mutant  M  proteins  acti¬ 
vate  luciferase  expression.  However,  the  data  also  show  that 
differences  in  the  virus  strains  from  which  the  M  proteins  were 
derived  play  a  role  in  dictating  the  amount  of  stimulation  of 
IFN  gene  expression  by  M  protein  mutant  viruses.  For  exam¬ 
ple,  rl026-M  virus,  which  contains  the  M51R  mutation  in  the 
M  gene  from  the  HR  strain,  induced  higher  levels  of  luciferase 
than  the  rM51R-M  virus,  which  contains  the  same  M51R  mu¬ 
tation  in  the  M  gene  from  the  San  Juan  strain.  The  M  proteins 
of  these  two  recombinant  viruses  differ  by  seven  amino  acid 
substitutions,  but  the  other  viral  genes  besides  the  M  gene  are 
identical.  Thus,  the  strain  differences  in  the  M  proteins  of  these 
two  viruses  are  responsible  for  the  difference  in  induction  of 
luciferase  expression. 

To  confirm  the  results  of  the  luciferase  assay,  we  analyzed 
the  IFN  activity  produced  by  cells  infected  with  wt  and  mutant 
M  protein  viruses  by  an  IFN  bioassay.  This  assay  is  based  on 
the  reduction  of  VSV  cytopathic  effect  by  supernatants  col¬ 
lected  from  infected  cells.  HeLa  cells  were  infected  with  wt  and 
mutant  M  protein  viruses,  and  aliquots  of  the  supernatant 
media  at  12,  24,  and  36  h  postinfection  were  tested  for  IFN 
activity  (Fig.  5A).  The  rTP2-M  and  rTP3-M  viruses,  containing 
carboxy-terminal  mutations  in  the  M  gene,  induced  IFN  activ¬ 
ity  in  HeLa  cells  (Fig.  5A).  However,  the  rl026-M  virus,  con¬ 
taining  the  M51R  mutation,  and  the  rHR-M  virus,  containing 
wt  M  protein,  did  not  induce  detectable  IFN  activity  in  HeLa 
cells.  We  noted  that  the  rTP2-M  and  rTP3-M  viruses  required 
approximately  24  h  to  induce  detectable  levels  of  IFN  activity. 
By  this  time,  HeLa  cells  infected  with  the  rl026-M  virus  were 
already  dead  due  to  virus-induced  cellular  apoptosis,  similar  to 
previous  data  (27).  Therefore,  we  tested  the  ability  of  wt  and 
M51R  mutant  viruses  to  induce  IFN  activity  in  PC-3  cells,  a 
human  prostate  tumor  cell  line  that  is  more  resistant  to  VSV- 
induced  killing  (unpublished  data).  Results  in  Fig.  5B  indicate 
that  both  viruses  containing  wt  M  proteins  (wtO  and  rwt)  were 
unable  to  induce  IFN  activity  in  PC-3  cells.  However,  the 
te082,  rM51R-M,  and  rl026-M  viruses  containing  the  M51R 
mutation  in  M  proteins  from  different  virus  strains  induced 
IFN  activity  to  varying  levels.  Therefore,  the  overall  conclusion 
from  these  data  is  that  viruses  containing  wt  M  proteins  are 
effective  suppressors  of  IFN  activity,  while  viruses  with  M  pro¬ 
tein  mutations  induce  IFN  activity.  Once  again,  M  proteins 
derived  from  different  virus  strains  appear  to  play  a  role  in 
dictating  the  degree  of  IFN  activity  induced  by  viruses  with  M 
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FIG.  5.  IFN  bioactivity  produced  by  cells  infected  with  wt  and  mu- 
AQ:  C  tant  M  protein  viruses.  HeLa  cells  were  incubated  overnight  at  37°C 
with  serial  dilutions  of  supernatants  (100  pi)  collected  from  HeLa 
(A)  and  PC-3  (B)  cells  infected  with  wt  and  mutant  viruses.  The 
samples  were  aspirated,  and  cells  were  challenged  with  wt  VSV  at  2.24 
X  104  PFU/ml  in  100  pi  of  medium.  Cells  were  incubated  overnight  at 
37°C,  medium  was  aspirated,  and  cells  were  fixed  and  stained  with 
crystal  violet.  Absorbance  was  read  at  550  nm  on  an  ELISA  reader. 
The  IFN  concentration  (in  international  units  per  milliliter)  was  quan¬ 
titated  by  comparing  results  to  those  in  cells  incubated  with  serial 
fivefold  dilutions  of  an  IFN  standard.  Data  shown  are  means  ±  stan¬ 
dard  errors  of  the  means  for  three  independent  experiments. 


protein  mutations.  Not  only  did  the  rl026-M  virus  induce 
higher  levels  of  luciferase  expression  from  the  IFN-p  promoter 
than  the  rM51R-M  virus  (Fig.  4),  it  also  induced  higher  levels 
F5  of  IFN  activity  in  the  bioassay  (Fig.  5B). 

M  protein  mutant  viruses  are  defective  at  inhibiting  host 
RNA  and  protein  synthesis.  The  data  in  Fig.  4  and  5  indicate 
that  M  protein  mutations  are  responsible  for  the  ability  of  the 
recombinant  M  protein  mutant  viruses  to  activate  IFN  gene 
expression.  Therefore,  we  can  conclude  that  M  protein  muta¬ 
tions  contribute  to  the  IFN-inducing  phenotypes  of  the  original 
mutant  viruses  from  which  these  M  proteins  were  derived.  The 
data  in  Fig.  1  and  2  suggest  that  the  IFN-inducing  phenotype  of 
these  viruses  is  due  to  defects  in  the  inhibition  of  host  gene 
expression.  To  test  this  hypothesis,  synthesis  of  host  RNA  and 
proteins  in  cells  infected  with  wt  and  M  protein  mutant  viruses 
was  determined  by  pulse-labeling  experiments.  Cells  were  in¬ 
fected  with  wt  and  mutant  viruses  and  labeled  with  [3H]uridine 
at  2, 4,  and  6  h  postinfection  to  determine  the  ratio  of  viral  and 
host  RNA  synthesis.  The  time  of  the  pulse  (30  min)  was  short 
compared  to  the  RNA  turnover  rate,  so  that  labeling  primarily 
reflected  the  rates  of  synthesis  rather  than  turnover.  Cells  were 
lysed,  and  trichloroacetic  acid-insoluble  radioactivity  was  mea¬ 
sured  to  determine  the  total  cellular  RNA  synthesis  (host  plus 


FIG.  6.  Inhibition  of  host  RNA  synthesis  by  viruses  containing  wt 
or  mutant  M  proteins.  HeLa  cells  were  infected  with  viruses  containing 
wt  or  mutant  M  proteins  at  a  multiplicity  of  20  PFU/cell.  At  2,  4,  and 
6  h  postinfection,  cells  were  labeled  with  [3H]uridine  (20  pCi/ml)  for 
30  min.  Cells  were  lysed  in  SDS-Iysis  buffer,  and  aliquots  were  precip¬ 
itated  with  trichloroacetic  acid  to  measure  acid-insoluble  radioactivity. 
Parallel  samples  were  incubated  in  the  presence  of  actinomycin  D,  so 
that  only  viral  RNA  would  be  labeled.  The  rate  of  host  RNA  synthesis 
was  calculated  by  subtracting  the  radioactivity  in  viral  RNA  from  the 
total  radioactivity.  Data  are  expressed  as  a  percentage  of  the  unin¬ 
fected  cell  control  and  are  means  ±  standard  errors  of  the  means  for 
five  experiments. 


viral).  Parallel  samples  were  treated  with  actinomycin  D  to 
inhibit  host  RNA  synthesis.  In  these  samples  only  viral  RNA 
would  be  labeled,  since  actinomycin  D  does  not  affect  viral 
RNA  synthesis.  Host  RNA  synthesis  was  calculated  by  sub¬ 
tracting  radioactivity  in  samples  treated  with  actinomycin  D 
from  the  total  radioactivity  in  the  absence  of  actinomycin  D, 
and  it  is  expressed  as  a  percentage  of  the  mock-infected  con¬ 
trols  (Fig.  6).  Viruses  with  wt  M  proteins  effectively  inhibited  F6 
host  RNA  synthesis,  so  that  by  6  h  postinfection  levels  of  host 
RNA  synthesis  were  10  to  20%  of  controls.  However,  all  of  the 
M  protein  mutant  viruses  were  defective  in  their  ability  to 
inhibit  host  RNA  synthesis.  Comparison  of  recombinant  M 
protein  mutant  viruses  with  their  isogenic  counterparts  with  wt 
M  proteins  (rM51R-M  versus  rwt  viruses,  and  rl026-M, 
rTP2-M,  or  rTP3-M  versus  rHR-M  viruses)  shows  that  M  pro¬ 
tein  plays  a  major  role  in  the  inhibition  of  host  RNA  synthesis 
at  early  times  postinfection. 

The  data  in  Fig.  6  also  show  that  M  protein  mutants  from 
different  virus  strains  have  slightly  different  effects  on  host 
RNA  synthesis,  similar  to  their  differences  in  IFN  gene  induc¬ 
tion.  The  te082  and  rM51R-M  viruses  actually  stimulated  host 
RNA  synthesis  at  early  times  postinfection  (2  h),  which  then 
declined  to  about  60  to  70%  of  control  by  6  h.  In  contrast,  the 
rl026-M  virus  had  an  unusual  effect  in  that  host  RNA  synthesis 
decreased  to  60%  of  control  at  2  h  postinfection,  but  host  RNA 
synthesis  increased  over  the  time  course  of  the  experiment  to 
100%  of  control  by  6  h  postinfection.  Cells  infected  with  the 
rTP3-M  and  rTP2-M  viruses  maintained  a  constant  level  of 
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FIG.  7.  Inhibition  of  host  protein  synthesis  by  viruses  containing  wt 
or  mutant  M  proteins.  HeLa  cells  were  infected  with  viruses  containing 
wt  or  mutant  M  proteins  at  a  multiplicity  of  20  PFU/cell  or  were  mock 
infected  as  a  control.  Cells  were  labeled  with  a  15-min  pulse  of 
[35S]methionine  (100  pCi/ml)  at  4,  8,  and  12  h  postinfection.  Lysates 
were  subjected  to  SDS-PAGE,  and  labeled  proteins  were  quantitated 
by  phosphorimaging.  (A)  Representative  image  from  analysis  of  vi¬ 
ruses  containing  wt  or  M51R  mutant  M  proteins  at  8  h  postinfection. 
Positions  of  viral  proteins  are  indicated  on  the  left.  (B)  Host  protein 
synthesis  was  determined  from  images  similar  to  that  in  panel  A  in 
regions  of  the  gel  devoid  of  viral  proteins  between  the  L  and  G 
proteins  and  between  the  P  and  M  proteins.  Results  are  shown  as  a 


RNA  synthesis  over  the  time  course  at  around  60  and  90%  of 
controls,  respectively. 

The  inhibition  of  host  gene  expression  in  VSV-infected  cells 
also  involves  an  inhibition  of  host  protein  synthesis.  The  inhi¬ 
bition  of  host  protein  synthesis  is  not  due  to  depletion  of 
cellular  mRNAs  as  a  result  of  the  inhibition  of  host  transcrip¬ 
tion  or  transport.  In  fact,  the  cytoplasm  of  infected  cells  con¬ 
tains  normal  amounts  of  cellular  mRNAs  that  can  be  effec¬ 
tively  translated  in  vitro  (30).  Instead,  the  inhibition  is  due  to 
inactivation  of  host  translation  factors  (10,  14).  To  determine 
the  ability  of  wt  and  mutant  viruses  to  inhibit  host  translation, 
HeLa  cells  were  infected  and  then  were  pulse-labeled  with 
[35S]methionine  for  10  min  at  4,  8,  or  12  h  postinfection.  As  in 
the  case  of  RNA  synthesis,  the  time  of  the  pulse-label  was 
short  (10  min)  compared  to  the  turnover  rates  of  viral  and  host 
proteins,  so  that  labeling  reflected  primarily  rates  of  synthesis. 
Proteins  were  solubilized  and  analyzed  by  SDS-PAGE  and 
phosphorescence  imaging.  A  representative  image  from  anal¬ 
ysis  at  8  h  postinfection  is  shown  in  Fig.  7A.  All  of  the  viruses 
containing  wt  M  proteins  (wtO,  rwt,  and  rHR-M)  effectively 
inhibited  host  protein  synthesis  compared  to  the  mock-infected 
control.  This  can  be  clearly  seen  in  regions  of  the  gel  that  are 
devoid  of  viral  proteins,  such  as  the  region  between  the  L  and 
G  proteins.  In  contrast,  the  viruses  containing  the  M51R  M 
protein  mutation  (&082,  rM51R-M,  and  rl026-M)  were  much 
less  effective  in  their  ability  to  inhibit  host  protein  synthesis.  It 
is  also  apparent  from  Fig.  7A  that  the  viruses  containing  wt  M 
protein  synthesized  viral  proteins  at  a  very  high  level,  despite 
the  inhibition  of  host  protein  synthesis.  The  M  protein  mutants 
synthesized  viral  proteins  at  levels  at  least  as  high  as  their 
corresponding  wt  controls. 

Host  protein  synthesis  in  infected  cells  at  4,  8,  and  12  h 
postinfection  was  determined  from  images  similar  to  Fig.  7  A 
by  quantitation  of  the  radioactivity  in  two  regions  of  the  gel 
that  were  devoid  of  viral  proteins  (between  L  and  G  and 
between  P  and  M)  and  is  shown  in  Fig.  7B  as  the  percentage  of 
a  mock-infected  control.  Each  of  the  viruses  containing  wt  M 
proteins  (wtO,  rwt,  and  rHR-M)  effectively  inhibited  host  pro¬ 
tein  synthesis,  so  that  by  12  h  postinfection  host  protein  syn¬ 
thesis  levels  were  5  to  10%  of  the  mock-infected  control.  In 
contrast,  the  M51R  M  protein  mutant  viruses  (ft082, 
rM51R-M,  and  rl026-M)  were  less  effective  than  their  wt  con¬ 
trols  at  repressing  host  translation,  which  was  maintained  at  a 
level  of  40  to  50%  of  control  throughout  the  12-h  time  course 
of  the  experiments.  The  viruses  containing  the  TP2  and  TP3  M 
proteins  were  even  more  defective  in  their  ability  to  inhibit 
host  protein  synthesis,  which  was  maintained  at  a  level  of  60  to 
80%  of  control.  These  data  together  with  the  data  in  Fig.  6 
demonstrate  that  the  ability  of  the  mutant  M  protein  viruses  to 


percentage  of  the  mock-infected  control  and  are  the  mean  ±  standard 
error  of  the  mean  of  four  independent  experiments.  (C)  Effect  of  M 
protein  mutations  on  viral  protein  synthesis.  HeLa  cells  infected  with 
viruses  containing  wt  or  mutant  M  proteins  were  labeled  with  [35S]me- 
thionine,  and  the  labeled  proteins  were  analyzed  by  SDS-PAGE  and 
phosphorimaging  as  described  in  the  legend  for  Fig.  4.  The  labeled  M 
proteins  in  images  similar  to  those  shown  in  Fig.  4A  were  quantitated 
and  are  expressed  as  a  percentage  of  the  wtO  M  protein  labeled  at  4  h 
postinfection.  Data  are  the  mean  ±  standard  error  of  the  mean  of  four 
experiments. 


rich4/jv-jvi/jv-jvi/jv0803/jv1785d02g 

nelsond 

S=3 

2/19/03 

13:16 

Art: 

□ 

VOL.  77,  2003 


INHIBITION  OF  INTERFERON  GENE  BY  VSV  M  PROTEIN  9 


induce  IFN  gene  expression  is  correlated  with  a  reduction  in 
their  capacity  to  shut  off  both  host  transcription  and  host  trans¬ 
lation. 

Ability  of  recombinant  viruses  to  synthesize  viral  proteins 
and  produce  infectious  progeny.  The  rates  of  synthesis  of  viral 
proteins  in  cells  infected  with  VS  Vs  containing  wt  or  mutant  M 
proteins  were  determined  from  images  similar  to  those  in  Fig. 
7A.  Radioactivity  in  the  N  protein  band  is  shown  in  Fig.  7C  and 
is  expressed  as  a  percentage  of  the  N  protein  synthesis  at  4  h 
postinfection  with  the  wtO  virus,  which  was  near  the  maximum 
amount.  Cells  infected  with  recombinant  viruses  containing  wt 
M  protein  (rwt  and  rHR-M  viruses)  synthesized  N  protein  at 
different  rates  throughout  the  12-h  time  course.  Synthesis  of  N 
protein  by  rwt  virus  was  around  55%  of  the  level  of  the  wtO 
virus  control  at  4  h  postinfection,  while  that  of  rHR-M  virus 
was  around  80%  of  control.  Since  these  viruses  are  isogenic 
except  for  the  strain  differences  in  their  M  proteins,  these 
results  reflect  the  influence  of  M  protein  on  viral  gene  expres¬ 
sion.  Similar  results  were  obtained  with  analysis  of  M  protein 
synthesis  (data  not  shown).  The  N  protein/M  protein  ratios  in 
cells  infected  with  all  of  the  viruses  were  the  same  as  the  ratio 
for  wtO  virus,  with  the  exception  of  cells  infected  with 
rM51R-M  virus,  in  which  the  ratio  of  N  protein  to  M  protein 
was  approximately  40%  higher.  Since  this  difference  was  not 
observed  with  other  viruses  containing  the  M51R  M  protein 
mutation  (ft082  and  rl026-M  viruses),  this  provides  further 
evidence  that  the  virus  strain  from  which  the  M  protein  was 
derived  influenced  viral  gene  expression. 

We  have  previously  shown  that  the  M51R-M  proteins  dis¬ 
play  no  differences  in  their  turnover  rates  compared  to  wt-M 
proteins  (6).  Results  shown  in  this  paper  also  indicate  that,  as 
a  general  trend,  the  viruses  containing  the  M51R  M  protein 
mutation  synthesized  viral  proteins  at  levels  similar  to  or 
greater  than  that  of  their  wt  counterparts  (Fig.  7C).  The  75-082 
virus  synthesized  viral  proteins  at  levels  similar  to  that  of  the 
wtO  virus  through  8  h  postinfection.  However,  by  12  h,  the 
^082  virus  expressed  greater  amounts  of  N  protein  than  wtO 
did.  Similarly,  the  rM51R-M  virus  expressed  viral  proteins  at 
levels  comparable  to  those  of  rwt  at  early  times  postinfection. 
However,  by  8  h  postinfection,  rM51R-M  actually  expressed 
greater  amounts  of  N  protein  than  any  of  the  other  viruses. 
Interestingly,  the  rl026-M  virus  expressed  lower  amounts  of 
viral  proteins  at  early  times  postinfection,  but  by  8  h  postin¬ 
fection  it  expressed  levels  of  N  protein  comparable  to  its  wt 
counterpart  (rHR-M).  In  contrast,  the  recombinant  viruses 
containing  the  TP2  and  TP3  M  proteins  synthesized  less  viral 
protein  than  their  rHR-M  control  at  all  time  points  (Fig.  7C). 
This  appeared  to  be  due  to  a  defect  in  the  ability  of  these 
viruses  to  synthesize  viral  RNA  (data  not  shown).  Thus,  the 
inability  of  M  protein  mutant  viruses  to  inhibit  host  RNA  and 
protein  synthesis  was  accompanied  by  defects  in  virus  replica¬ 
tion  in  the  case  of  the  rTP2-M  and  rTP3-M  viruses,  but  not  in 
the  case  of  the  viruses  containing  the  M51R  M  protein  muta¬ 
tion.  The  defect  in  viral  RNA  and  protein  synthesis  exhibited 
by  the  rTP2-M  and  rTP3-M  viruses  is  not  dependent  on  IFN 
production,  since  similar  results  were  obtained  in  BHK  cells, 
which  are  unresponsive  to  IFN  (data  not  shown).  However,  it 
is  possible  that  a  more  rapid  turnover  of  these  mutant  M 
proteins  could  be  partly  responsible  for  their  replication  de¬ 
fects. 


A. 


B. 


FIG.  8.  Single-cycle  growth  analysis.  HeLa  cells  were  infected  with 
viruses  containing  wt  or  mutant  M  proteins  at  a  multiplicity  of  20 
PFU/cell.  At  1  h  postinfection,  the  medium  was  removed,  and  cells 
were  washed  twice.  Fresh  medium  was  added  to  the  infected  cells,  and 
a  small  aliquot  of  the  supernatant  was  removed  at  the  indicated  times 
postinfection  to  determine  the  amount  of  progeny  virus  by  plaque 
assay.  Data  are  the  average  of  two  independent  experiments. 


Single-cycle  growth  experiments  were  done  to  determine  the 
ability  of  wt  and  mutant  M  protein  viruses  to  produce  infec¬ 
tious  progeny  (Fig.  8).  HeLa  cells  were  infected  with  wt  and  F8 
mutant  viruses  at  a  high  multiplicity  of  infection  (10  PFU/cell). 

At  the  indicated  times  postinfection,  supernatants  were  col¬ 
lected  and  viral  titers  were  determined  by  plaque  assay  on 
BHK  cells.  The  75-082  virus  (Fig.  8A)  grew  to  titers  as  high  as 
wtO  virus.  These  data  are  similar  to  previous  results  showing 
that  tt082  virus  is  not  temperature  sensitive  for  virus  growth  in 
HeLa  cells  (22).  The  rM51R-M  (Fig.  8A)  and  rl026-M  (Fig. 

8B)  mutant  M  protein  viruses  actually  produced  higher  levels 
of  infectious  progeny  than  their  wt  counterparts  rwt  and 
rHR-M,  respectively.  These  higher  yields  of  infectious  progeny 
also  correlated  with  higher  levels  of  viral  protein  synthesis  at 
late  times  postinfection  in  the  case  of  cells  infected  with  the 
rM51R-M  virus,  as  shown  in  Fig.  1C.  Therefore,  the  data  in 
Fig.  7  and  8  indicate  that  viruses  containing  the  M51R  M 
protein  mutations  are  not  defective  in  their  ability  to  produce 
viral  proteins  or  infectious  viral  progeny.  This  result  suggests 
that  the  IFN  induced  by  these  viruses  has  little  if  any  ability  to 
inhibit  virus  replication  in  a  single-cycle  growth  experiment. 


* 


y 

^  > 


rich4/jv-jvi/jv-jvi/jv0803/jv1785d02g 

nelsond 

S-3 

2/19/03 

13:16 

Art: 

□ 

10  AHMED  ET  AL. 

This  is  the  expected  result,  since  most  of  the  viral  replicative 
cycle  occurs  before  the  IFN  can  be  produced  and  then  induce 
the  antiviral  state. 

In  contrast  to  results  obtained  by  the  M51R  M  protein 
mutants,  recombinant  viruses  containing  the  TP2  and  TP3 
mutations  grew  to  lower  titers  in  single-cycle  growth  experi¬ 
ments  (Fig.  8B)  than  did  rHR-M  (Fig.  8B).  The  lower  yield  of 
infectious  progeny  produced  in  cells  infected  with  rTP2-M  and 
rTP3-M  viruses  also  correlated  with  reduced  rates  of  viral 
RNA  and  protein  synthesis.  Therefore,  the  inability  of  these 
mutant  M  protein  viruses  to  shut  off  host  RNA  and  protein 
synthesis  may  be  due  in  part  to  defects  in  their  ability  to 
replicate  (Fig.  7)  and  produce  infectious  progeny  (Fig.  8B)  in 
infected  cells. 

DISCUSSION 

The  data  presented  here  show  that  M  protein  plays  a  major 
role  in  the  inhibition  of  IFN  gene  expression  in  VSV-infected 
cells.  Furthermore,  the  ability  of  M  protein  to  inhibit  IFN 
production  is  genetically  correlated  with  the  overall  inhibition 
of  host  RNA  and  protein  synthesis.  Previous  data  had  shown 
that  four  IFN-inducing  mutants  of  VSV  under  consideration 
here,  fs082,  T1026R1,  TP2,  and  TP3  viruses,  have  mutations  in 
their  M  proteins  (11,  13,  16).  However,  it  was  not  known 
whether  these  viruses  have  additional  mutations  in  genes  other 
than  their  M  genes  that  account  for  their  IFN-inducing  phe¬ 
notype.  It  had  been  shown  previously  that  the  M51R  mutation 
in  the  M  proteins  of  /s082  and  T1026R1  viruses  render  these 
M  proteins  defective  in  their  ability  to  inhibit  host  gene  ex¬ 
pression  in  the  absence  of  other  viral  components  (1,  6, 16, 37). 
These  results  were  extended  here  to  show  that  the  mutant  M 
proteins  of  TP2  and  TP3  viruses  are  also  defective  in  the 
inhibition  of  host  gene  expression  (Fig.  1),  including  expression 
from  the  IFN-p  promoter  (Fig.  2).  Thus,  all  of  the  M  proteins 
of  the  IFN-inducing  mutant  viruses  tested  in  this  study  are 
defective  in  their  ability  to  inhibit  host  gene  expression. 

The  fact  that  M  protein  inhibits  expression  of  luciferase 
from  a  plasmid  containing  the  IFN-p  promoter  in  transfected 
cells  (15)  (Fig.  2)  still  left  open  the  possibility  that  M  protein  is 
not  responsible  for  suppression  of  IFN  induction  in  virus- 
infected  cells.  For  example,  if  the  inhibition  of  host  gene  ex¬ 
pression  by  M  protein  were  to  occur  only  at  late  times  postin¬ 
fection,  as  has  been  proposed  (40),  this  inhibition  may  be  too 
late  to  prevent  IFN  synthesis.  Indeed,  the  argument  has  been 
made  that  the  IFN-inducing  activity  of  these  viruses  is  due 
entirely  to  mutations  in  genes  other  than  the  M  gene  (34).  This 
issue  was  addressed  here  by  incorporating  the  M  protein  mu¬ 
tations  onto  the  wt  background  of  a  VSV  infectious  cDNA 
clone.  The  resulting  recombinant  mutant  M  protein  viruses 
induced  expression  of  a  luciferase  reporter  gene  driven  by  the 
IFN-p  promoter  (Fig.  4)  and  induced  IFN  activity  as  measured 
by  an  IFN  bioassay  (Fig.  5),  while  the  recombinant  viruses 
containing  wt  M  proteins  did  not.  Furthermore,  the  recombi¬ 
nant  mutant  M  protein  viruses  were  defective  in  the  inhibition 
of  host  RNA  and  protein  synthesis  (Fig.  6  and  7).  These  data 
indicate  that  M  protein  plays  a  main  role  in  the  inhibition  of 
host  gene  expression  in  VSV-infected  cells  and  is  a  major 
suppressor  of  IFN  gene  expression. 

The  data  presented  in  Fig.  4  and  5  serve  to  establish  that  the 
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M  protein  mutations  in  the  original  IFN-inducing  viruses  ac¬ 
count  at  least  in  part  for  their  IFN-inducing  phenotypes.  How¬ 
ever,  these  results  do  not  rule  out  the  possibility  that  these 
viruses  contain  additional  mutations  that  contribute  to  their 
ability  to  induce  IFNs.  Indeed,  there  are  several  examples  of 
IFN-inducing  mutants  of  VSV  that  do  not  contain  M  protein 
mutations  (13,  19,  34),  indicating  that  other  viral  genes  also 
play  a  role  in  determining  the  extent  of  IFN  gene  activation  in 
virus-infected  cells.  We  propose  that  these  mutations  enhance 
the  activity  of  viral  inducers  of  IFN  to  the  extent  that  they 
overcome  the  inhibitory  effects  of  M  protein.  Alternatively, 
these  mutations  may  affect  other  inhibitors  of  IFN  gene  ex¬ 
pression  besides  M  protein. 

Viruses  containing  the  same  M51R  substitution  in  the  con¬ 
text  of  M  proteins  derived  from  different  virus  strains 
(rM51R-M  and  rl026-M  viruses)  differ  in  their  ability  to  in¬ 
duce  IFN  gene  expression  (Fig.  4  and  5).  This  suggests  that  the 
relative  contribution  of  M  protein  versus  other  viral  proteins  in 
regulating  IFN  gene  expression  may  be  dependent  on  strain 
differences.  For  example,  the  effect  of  the  M51R  mutation  may 
be  modulated  by  variable  surrounding  amino  acids  in  the  M 
protein.  We  have  also  found  that  in  different  cell  lines  the 
extent  of  IFN  induction  by  each  of  the  M51R  mutants  also 
varies  (unpublished  data).  Therefore,  it  is  possible  that  the  role 
of  M  protein  in  the  activation  of  IFN  gene  expression  is  also 
dependent  on  the  presence  of  specific  host  factors  in  different 
cell  types. 

The  ability  of  mutant  M  protein  viruses  to  induce  IFN  gene 
expression  was  correlated  with  defects  in  the  ability  of  the 
mutant  M  proteins  to  inhibit  host  RNA  and  protein  synthesis 
(Fig.  4,  5,  6,  and  7).  These  results  support  our  model  in  which 
wt  M  protein  functions  as  a  suppressor  of  IFN  gene  expression 
as  a  result  of  its  general  ability  to  inhibit  host  RNA  and  protein 
synthesis  (31).  According  to  this  model,  there  must  be  other 
products  of  virus  infection,  such  as  viral  dsRNA,  that  activate 
IFN  gene  expression,  which  is  then  suppressed  by  the  activity 
of  wt  M  protein.  In  the  case  of  the  mutant  M  protein  viruses, 
the  enhanced  activation  of  IFN  gene  expression  compared  to 
that  of  viruses  with  wt  M  proteins  would  be  a  result  of  the 
absence  of  this  inhibitory  activity.  In  support  of  this  model,  the 
IFN-suppressing  activity  of  wt  VSV  is  dominant  over  the  IFN- 
inducing  activity  of  the  M  protein  mutant  T1026R1  virus  in 
mixed  infections  (33).  Likewise,  coinfection  with  wt  VSV  and 
heterologous  IFN-inducing  viruses  suppresses  IFN  production 
(33).  It  is  also  possible  that  the  induction  of  IFN  by  mutant  M 
protein  viruses  may  stimulate  antiviral  genes,  including  nucleo- 
porins,  that  contribute  to  their  inability  to  further  shut  off  host 
gene  expression  at  the  level  of  RNA  transport  (15). 

How  does  M  protein  suppress  IFN  gene  expression?  VSV 
inhibits  host  gene  expression  at  multiple  levels,  including  inhi¬ 
bition  of  host  transcription,  inhibition  of  nuclear-cytoplasmic 
transport  of  host  RNA,  and  inhibition  of  host  translation  (31). 
M  protein  inhibits  host  transcription  and  nuclear-cytoplasmic 
RNA  transport  both  in  virus-infected  cells  and  when  expressed 
in  transfected  cells  in  the  absence  of  other  viral  components  (1, 
5,  24,  37,  39).  Inhibition  at  the  transcriptional  level  has  been 
demonstrated  by  nuclear  runoff  assays  (1,  5).  The  inhibition  of 
host  RNA  polymerase  II-dependent  transcription  is  due,  at 
least  in  part,  to  inactivation  of  the  general  transcription  initi¬ 
ation  factor  TFIID,  which  is  the  transcription  factor  that  binds 
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to  the  TATA  box  upstream  of  most  RNA  polymerase  Il-de- 
pendent  promoters  (44,  45). 

The  M  protein-induced  inhibition  of  host  nuclear-cytoplas¬ 
mic  RNA  transport  has  been  attributed  to  the  interaction  of  M 
protein  with  a  nuclear  pore  component,  which  has  been  iden¬ 
tified  as  the  nucleoporin  Nup98  (37,  39).  The  M  protein-in¬ 
duced  inhibition  of  nuclear-cytoplasmic  RNA  transport  has 
been  demonstrated  convincingly  in  Xetiopus  laevis  oocytes,  in 
which  there  is  little  if  any  inhibition  of  transcription  (24,  37, 
39).  However,  it  has  been  difficult  to  quantitate  the  contribu¬ 
tion  of  the  inhibition  of  transport  in  transfected  mammalian 
cells,  due  to  the  concomitant  inhibition  of  transcription  (15, 
39).  The  block  in  nuclear-cytoplasmic  transport  in  VSV-in- 
fected  cells  is  evident  from  its  effects  on  the  processing  of  small 
nuclear  RNAs  (20)  and  rRNAs  (43).  However,  a  careful  series 
of  biochemical  experiments,  including  pulse-chase  and  subcel- 
lular  fractionation  experiments,  suggested  that  changes  in 
transport  or  turnover  of  host  RNA  in  VSV-infected  cells  were 
minor  compared  to  the  profound  inhibition  of  host  transcrip¬ 
tion  (41). 

In  addition  to  the  inhibition  of  host  RNA  synthesis,  the 
inhibition  of  host  gene  expression  in  VSV-infected  cells  in¬ 
volves  a  dramatic  inhibition  of  host  protein  synthesis.  This 
inhibition  is  not  due  to  depletion  of  cellular  mRNAs  resulting 
from  the  inhibition  of  transcription  (30).  Instead,  the  inhibition 
is  due  to  inactivation  of  host  translation  factors  (10,  14),  In 
contrast  to  the  M  protein-induced  inhibition  of  host  transcrip¬ 
tion  and  nuclear-cytoplasmic  transport,  M  protein  cannot  in¬ 
hibit  host  translation  when  expressed  in  transfected  cells  in  the 
absence  of  other  viral  components  (4).  However,  mutant  M 
protein  viruses  fail  to  inhibit  host  protein  synthesis  as  effec¬ 
tively  as  viruses  containing  wt  M  proteins  (Fig.  4)  (25,  27).  This 
suggests  that  M  protein  does  play  a  role  in  inhibition  of  host 
translation,  but  that  one  or  more  additional  viral  components 
are  required  to  inhibit  host  translation.  There  are  multiple 
translation  initiation  factors  whose  activity  is  reduced  in  VSV- 
infected  cells,  including  eIF2,  eIF4F,  and  eIF4B  (10,  14),  al¬ 
though  it  has  not  been  determined  which  of  these  factors  is 
inhibited  in  response  to  M  protein  versus  other  viral  compo¬ 
nents. 

The  ability  of  M  protein  to  inhibit  host  gene  expression  at 
multiple  levels  is  analogous  to  the  activity  of  other  viral  sup¬ 
pressors  of  the  host  IFN  response,  which  also  function  at 
multiple  levels  (31).  This  appears  to  reflect  the  fact  that  no 
single  inhibitory  mechanism  is  completely  effective  at  suppress¬ 
ing  IFN  production.  As  an  example,  the  influenza  A  virus  NS1 
protein  contains  an  RNA-binding  domain  which  suppresses 
IFN  gene  activation  by  sequestering  viral  dsRNA  (reviewed  in 
reference  21).  In  addition,  the  NS1  protein  contains  an  activa¬ 
tion  domain  that  enables  the  protein  to  suppress  the  processing 
and  nuclear-cytoplasmic  transport  of  host  mRNAs,  which  ap¬ 
pears  to  also  play  a  role  in  suppressing  the  host  antiviral  re¬ 
sponse  (reviewed  in  reference  31).  Similarly,  the  vaccinia  virus 
E3L  protein  suppresses  activation  of  IFN  gene  expression  by 
sequestering  viral  dsRNA  (38).  In  addition,  vaccinia  virus  en¬ 
codes  the  K3L  protein,  which  functions  as  an  inhibitor  of  the 
IFN-inducible  protein  kinase  R  (12),  and  the  B18R  protein, 
which  inhibits  cellular  responses  to  IFN  by  acting  as  a  decoy 
receptor  (3).  Thus,  the  idea  that  viral  proteins,  such  as  M 


protein,  suppress  IFN  gene  expression  by  multiple  mechanisms 
is  a  common  theme  in  virus-host  interactions. 

All  of  the  mutant  M  proteins  analyzed  here  were  defective  in 
their  ability  to  inhibit  host  gene  expression  (Fig.  8).  However, 
the  viruses  containing  these  mutations  were  not  phenotypically 
identical  in  terms  of  the  levels  of  viral  protein  expression  or  the 
levels  of  progeny  virus  produced.  The  viruses  containing  the 
M51R  M  protein  mutation  expressed  viral  proteins  at  levels  at 
least  as  high  as  their  wt  controls.  In  fact,  at  late  times  postin¬ 
fection,  the  te082  and  rM51R-M  viruses  expressed  even  higher 
levels  of  viral  proteins  than  their  wt  counterparts  (Fig.  7), 
leading  to  correspondingly  higher  levels  of  progeny  virus  pro¬ 
duction  as  seen  clearly  in  the  case  of  the  rM51R-M  virus  (Fig. 
8).  This  result  indicates  that  the  IFN  induced  by  these  viruses 
has  little  if  any  ability  to  inhibit  virus  replication  in  a  single¬ 
cycle  growth  experiment.  However,  the  effects  of  these  muta¬ 
tions  on  the  multiple  cycles  of  virus  infection  that  occur  in 
intact  animals  may  be  quite  profound,  since  the  IFN  response 
is  a  major  determinant  of  viral  pathogenesis  and  tissue  tropism 
in  vivo  (reviewed  in  references  21  and  31).  This  issue  will  be 
addressed  in  our  future  experiments. 

In  contrast  to  viruses  containing  the  M51R  mutation,  the 
viruses  containing  the  TP2  and  TP3  M  protein  mutations  ex¬ 
pressed  lower  levels  of  viral  proteins  than  their  control  virus 
containing  wt  M  protein  (rHR-M  virus),  and  they  produced 
correspondingly  lower  levels  of  viral  progeny.  These  data  in¬ 
dicate  that  M  protein  mutations  affect  the  level  of  viral  gene 
expression  as  well  as  the  level  of  host  gene  expression.  This 
idea  has  been  put  forth  previously,  based  on  the  observation 
that  temperature-sensitive  (ts)  mutations  in  M  protein  increase 
the  level  of  viral  mRNA  synthesis  at  the  nonpermissive  tem¬ 
perature  (9).  However,  in  contrast  to  ts  M  protein  mutations, 
the  TP2  and  TP3  M  protein  mutations  appear  to  decrease  the 
level  of  viral  RNA  synthesis  (unpublished  data). 

A  role  for  M  protein  as  a  regulator  of  viral  gene  expression 
is  also  supported  by  the  effects  of  M  proteins  from  different 
virus  strains.  The  rM51R  and  rl026-M  viruses  are  identical 
except  for  differences  in  the  virus  strains  from  which  their  M 
proteins  were  derived.  Nevertheless,  viral  protein  expression  in 
cells  infected  with  the  rM51R  virus  is  approximately  40% 
greater  at  8  to  12  h  postinfection  than  in  cells  infected  with  the 
rl026-M  virus  (Fig.  7),  providing  further  evidence  that  M  pro¬ 
tein  can  also  regulate  viral  gene  expression.  The  strain  differ¬ 
ences  in  their  M  proteins  also  account  for  the  fact  that  rl026-M 
virus  induced  higher  levels  of  IFN  gene  expression  than 
rM51R-M  virus  (Fig.  4  and  5). 

The  results  presented  here  support  the  idea  that  M  protein 
inhibits  IFN  gene  expression  in  parallel  with  the  general  inhi¬ 
bition  of  host  RNA  and  protein  synthesis.  However,  it  is  also 
possible  that  M  protein  inhibits  additional  steps  in  the  produc¬ 
tion  of  IFNs  upstream  of  the  general  transcription  factor 
TFIID.  For  example,  the  activation  of  NF-kB,  one  of  the 
factors  required  for  IFN  gene  transcription,  is  delayed  in  cells 
infected  with  wt  VSV  compared  to  cells  infected  with  the 
T1026R1  mutant  (8).  This  suggests  that  the  wt  M  protein 
delays  activation  of  NF-kB,  which  could  play  a  role  in  the 
suppression  of  IFN  gene  expression.  Future  experiments  will 
determine  the  effect  of  M  protein  on  upstream  activators  of 
IFN  gene  expression. 
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